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Preface 


The American Institute of Physics Handbook has been prepared as an 
important working tool for those employing physical methods in research, 
application, and teaching. It should prove especially valuable in this 
period of scientific development, particularly since the impact of war- 
time research, when the science of physics has expanded into many spe- 
cialized fields. ‘The many new discoveries and advances have been taken 
into consideration by the board of editors so as to select and compile the 
most generally useful data. ji 

This volume represents the first handbook specifically on physics to be 
published in America. It is also the first such volume to be sponsored by 
the American Institute of Physics, the organization which acts as the cen- 
tral service agency of the five member societies in physics. Prior to this 
time, the profession of physics has had to depend on handbooks prepared 
primarily for other disciplines. | 

The book has been over four years in the making under the guidance 
of Dwight E. Gray, coordinating editor. Its publication would not have 
been possible without his patient direction and the active cooperation of 
many of the leading physicists in the nation as well as the help and 
assistance of hundreds of other scientists. The American Institute of 
Physics owes much to their unselfish spirit. 

This handbook will be of primary usefulness to the young scientific 
investigator and will also have value as a reference work to the senior 
physicist. It should be of assistance to the individual engaged in applied 
physics and engineering. The volume has been divided into the logical 
areas of physics. 

We are pleased to add this handbook to the many publications spon- 
sored by the Institute and to invite the suggestions and criticism of phys- 
icists so that future editions may be more complete and useful. 
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MATHEMATICAL AIDS TO 
COMPUTATION 


ALBERT A. BENNETT 
Brown University 
and 
THOMAS J. DERBY 
‘Pratt and Whitney Aircraft Corporation 
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To the physicist who i is equipped by training and temperament to use them, many 
mathematical aids of a variety of kinds are available for dealing with mathematical 
relationships among physical quantities. Such aids include mechanical computing 
devices, numerical tables of functional values, collections of formulas, syllabi of com- 
putational techniques and artifices, and the like. None of these is the outcome of 
physical theory or of laboratory een but frequently physicists find them 
very. useful. | 

Among mechanical: computing devices are slide rules and desk sons: In 
widespread use, beside the pocket-size ‘‘7-inch’’. slide rule and the portable ‘‘10-inch”’ 
rule, are the larger ‘‘20-inch’’ (or more properly ‘‘50-cm’’) slide rules and plane 
circular slide rules of various diameters. . Rules of comparable quality and value are 
manufactured by several well-known companies. Various larger devices, suggested 
by the conventional: Mannheim style slide rule, have cylindrical, and even squirrel- 
cage scales, but these are seldom favored by practical experts. Among desk com- 
puters, the most widely used in America (in alphabetic order) are the Friden, the 
Marchant, and the Monroe; each ranges from simple hand-powered devices to electric- 
driven machines with numerous semiautomatic features. Such computing devices 
have practically displaced common logarithms for simple multiplication and division. 


High-speed electronic digital computers, where they are available, also are rendering 


superfluous many mathematical artifices and tables of special functions. 

Numerical tables of the simpler mathematical functions are widely owned. These 
vary as to tabular-interval and numbers of significant digits. Mathematical hand- 
books often contain much material which, while of service to the number theorist or 
actuary, may seldom be relevant to work in the physical laboratory. Statistical 
tables and techniques of sampling are gradually finding increasing use in the calculus 
of observations for the physical laboratory technologist no less than for the sociologist 
and practical geneticist. A single mathematical handbook may be adequate for most 
routine laboratory situations and may occupy all the immediate desk space that the 
physicist is willing to devote to such aids. Often such a handbook has been acquired 
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in connection with an undergraduate course in mathematics. To save computing 
labor many computers prefer (particularly for inverse interpolation) to use tables 
which give values to more significant figures than are to be retained. 

Most American standard mathematical handbooks of tables contain at least the 
following: 

Squares, cubes, square roots, cube Roots, ee 

Common jowavithine 

Natural trigonometric fanctioned in deities ead minites 

Common logarithms of the ineppaneue functions 

Natural logarithms — : 7 

Exponential and hyperbolic. functions ca! 

Values of the probability integral © , 

Among the compilations of tables most widely eed | in hig Santis are the following, 
most of which are revised and republished from time to time: 


Allen, Edward §.: “‘Six-place Tables,”’ 7th eae “MeGraw-Hill Book Company, Inc., 
New Vor 1947, 232 pages: 
Squares: aasen! square roots, cube roots, reciprocals, common logarithms; natural 
trigonometric functions; logarithms of the trigonometric functions; natural 
logarithms; exponential and hyperbolic functions, probability integral; gamma 
function ; integrals; miscellaneous constants; formulas and conversion tables. 


Burington, Richard S.: “Handbook of Mathematical Tables and Formulas,” 3d ed., 
Handbook Publishers Inc. , Sandusky, 1949, 269 pages: 
Squares, cubes, square roots, cube roots, reciprocals; common logarithms (4- and 
| 5-place, 7-place of 1,000-1, »200) ; natural trigonometric functions (4- and 5-place) ; : 
logarithms of trigonometric functions (4- and 5-place); natural logarithms 
(5-place); exponential and hyperbolic functions; probability integral ; derivatives; 
- elliptic integrals; gamma function; integrals; logarithms of prime numbers 
. _ 0-place) ; miscellaneous constants, formulas, and conversion tables. 


Carmichael, Robert D. sJeiiel Edwin R. Smith: “ Mathematical RADI and Formulas,” 
Ginn & Company, Boston, 1931, 269 pages: — 
Squares, cubes, square roots, cube roots, Cees nnooult common jegarithing (4- and 
‘S-place) ;:natural trigonometric functions (4-:and 5-place); logarithms of trigo- 
nometric functions (4- and-5-place);: natural logarithms (5-place); exponential 
and hyperbolic functions; integrals; logarithms of prime numbers enlace) 
Amisceliancous constants, formulas, conversion. tables, and reference curvés. 


Comrie, Leslie. J: Barlow’ s Tables of Squares, Cubes, Square Roots, Cube Roots, 

and Reciprocals of All ‘Integer, N umbers up to 10, 000, ? 3d ed., KE. & F. N. Spon, Ltd., 

London, 1935, 208 pages: | 
Squares, cubes, . ‘square roots, cube his: reciprocals; picoellabe sue constants; 
_ powers (4th-20th). 7 


Comrie, Leslie J.: “Chambers? Shorter. Six-figuré Mathematical aes WwW. and 

R. Chambers: Ltd., Edinburgh and London, 1950, 387 ‘pages: m= 

Squares, cabea: square roots, cube roots, reciprocals, common logarithms; natural 
trigonometric funetions: logarithms of trigonometric functions (5-place); natural 
logarithms; exponential and hyperbolic functions; derivatives; integrals; inverse 
functions; miscellaneous constants, formulas, and conversion tables. | 


Dwight, Herbert B.: Mathematical “Tables,” McGraw-Hill Book Company, ings 
New York, 1941, 231 pages: _ 
.. Common locarithiag: (4-place);. cataral trigonometric fanetions place): ; loge: 
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rithms of trigonometric functions (5-place); natural logarithms: (4-place); expo- 
nential and hyperbolic functions; probability integral; Bernoulli’s: and Euler’s 
numbers; Bessel functions; elliptic nteere gamma function; Fusmenn zeta, 
function; zonal harmonics. | 7 7 7 


Dwight, Herbert. B.: ‘Tables of Integrals and Other Mathematical Data,” rev. ude, 
The Macmillan Company, New York, 1947, 250 pages: 
Common logarithms (4-place) ; ; natural trigonometric fiiietions (4-place) ; mataral 
logarithms (4-place); exponential and hyperbolic functions; probability integral ; 
_ Bessel functions; derivatives; elliptic integrals; gamma funetion; integrals; mis- 
cellaneous constants, formulas, and conversion tables. 


Hedrick, Earle R.: ‘‘Logarithmic and Trigonometric Tables”’ (bound with tables from 

“The: Calculus” by Ellery W. Davis and William C. Brenke) : The Macmillan Com- 
pany, New York, 1938, 142 + 50 pages: | 

Squares, cubes, square roots, cube roots, reciprocals; common logarithms (4- and 

5-place); natural trigonometric functions (4- and 5-place); logarithms of trigo- 

| nometric functions Gplace); Beret. logarithms (-place);, er poneaus and 


cellaneous constants mal conversion tables. 


Hodgman, ‘Charles D.: ‘“‘Mathematical Tables”’ (based on his ‘‘Handbook of Chemis- 
try and Physics”), 10th ed., Chemical Rubber Pobbaning | Co., Cleveland, 1954, 
406 pages: | 
Squares, cubes square Saeoie. ee seats pesioshie: common :bgactiid (4-, 5; 
and 7-place); natural trigonometric: functions (5-place); logarithms of trigo- 
' nometric functions (5-place); natural logarithms (5-place); exponential and 
hyperbolic functions; probability integral; derivatives; elliptic integrals; gamma 
function; haversines; integrals, interest tables; miscellaneous constants, ae 
and conversion tables; mathematical symbols and abbreviations. 


Hodgman, Charles D.: “Standard Mathematical Tables” (based on his “Handbook 
of Chemistry and Physics”). 10th ed., Chemical Rubber Publishing Co., Cleveland, 
1955, 433 pages. Similar to. preceding item in content, but of larger page size. . 


Hudson, Ralph G:; and Joseph Lipka: “A Manual of Mathematics, John Wiley & 

Sons, Inc., New York. Chapman & Hall, Ltd., “London, 1940, 135 pages: 
Saanras cubes, square roots, cube roots, reciprocnle: common logarithms (4-place): 
natural trigonometric functions (4-place) ; logarithms of trigonometric functions, 
(4-place); natural logarithms (4place); exponential and hyperbolic functions; 
derivatives; integrals; miscellaneous constants, formulas, and conversion tables. 


duatiinton: Edward 8 “Handbook of Mathematics” (from “‘ Mechanical Engineers’ 
Handbook,” by Lionel S. Mou): aed ed., a Book SCORERY ans, ‘New 
York, 1943, 193 pages: 
SGuates, cubes, square Sots: eibe aie: sciertoals common fogaetiitis inca : 
natural trigonometric functions (4-place); logarithms of trigonometric functions 
(4-place); natural logarithms “(4-place); exponential ‘and hyperbolic functions; 
derivatives; integrals; miscellaneous-constants, formulas, and conversion tables. 


Jahnke, Eugene, and Fritz Emde: ‘‘Tables of Functions with Formulae and Curves,” 
4th ed., (German and English), Dover. Publication., Inc., New York, 1945, 382 pages: 
Bessel functions, circular and hyperbolic functions of a complex variable; cubic 
equations; elliptic integrals; exponential functions; factorial functions; Legendre 
. functions; miscellaneous conversion tables; Planck’s radiation function; powers 
(2nd to 15th); probability integral and related functions; reciprocals: and square 


1-4 MATHEMATICAL AIDS TO. COMPUTATION 


roots of complex numbers; Riemann zeta function; sine, cosine, and OB EE VRIES 
integral; theta functions; transcendental equations; vector adaiten: 


Larsen, Harold D.: “Rinehart Mathematical Tables, Formulas and Curves,”’ Rinehart 

& Company, Inc., New York, 1953, 280 pages: 
Squares, cubes, square roots, cube roots, reciprocals, common logarithms (4- and 
5-place); natural trigonometric functions (5-place); logarithms of trigonometric 
functions (5-place); natural logarithms (4-place); exponential and hyperbolic 
functions; probability integral; Bessel functions; derivatives; elliptic integrals; 
integrals; miscellaneous constants, formulas, conversion tables, and reference 
curves. 


Peirce, Benjamin O,: ‘‘A Short Table of Integrals,’’ 4th rev. ed., Ginn & Company, 
Boston, 1956, 189 pages: 
Squares; common logarithms (4-place); satu trigonometric functions (3- and 
4-place); logarithms of trigonometric functions (4-place); natural logarithms 
(5-place); exponential and hyperbolic functions; probability integral; derivatives; 
elliptic integrals; integrals; miscellaneous constants, formulas, and conversion 
tables. : 


Potin, Louis F.: ‘‘Formulas and Numerical Tables Pertaining to Circular, Hyperbolic, 
and Elhptic Functions” (Formules et tables numeriques relatives: aux functions: 
circulaires, hyperboliques, elliptiques), G. Doin, Sautbicr Villers & Cie, Paris, 1925, 
862 pages: 
Natural trigonometric functions (4- and eee Bernoulli’ 8 ond Euler’s num- 
bers; elliptic integrals; hyperbolic functions; integrals; miscellaneous formulas 
and conversion tables. 


Rosenbach, Joseph B., Edwin A. Whitman, and David Moscovitz: ‘‘Mathematical 

Tables,’”’ Ginn & Company, Boston, 1943, 212 pages: 
Squares, cubes, square roots, cube roots, reciprocals, common logarithms (4- and 
5-place); natural trigonometric functions (4- and 5-place); logarithms of trigo- 
nometric functions (4- and 5-place); natural logarithms (5-place); exponential 
and hyperbolic functions; probability integral; Bernoulli’s numbers; Bessel func- 
tions; elliptic integrals; gamma functions; haversines; logarithms of prime numbers 
(20-place); miscellaneous constants and conversion tables. 


Silberstein, Ludwik: ‘“‘Synopsis of Applicable Mathematics with Tables,” G. Bell & 
Sons, Ltd., London, 1923, 250 pages: 

| Bacinrovala: common logarithms (4-, 5-, and 6-place); natural trigonometric 

functions (4-place); logarithms of trigonometric functions (5-place); hyperbolic 

functions; probability integral; Bessel functions; derivatives; elliptic integrals; 

gamma functions; integrals; miscellaneous formulas and conversion tables; zonal 

harmonics. 


Many of these or analogous tables are incorporated as appendixes in standard 
college texts on trigonometry or general mathematics and appear in such hand- 
books as: 


Eshbach, Ovid W.: ‘‘Handbook of Engineering EUnCmentals;:: 2d ed., Jobn Wiley 
& Sons, Inc., New York, 1952, lv. 


Hodgman, ‘Charles D.: “Handbook of Chante and Physics,” 37th ed. ee eons 
Chemical Rubber Publishing Co., Cleveland, 1956, 3156 pages. 
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Of a special kind, the following volume may be mentioned: 


Kober, H.: *‘Dictionary of Conformal Representations,’ Dover Publications, Inc., 
New York, 1952, 208 pages. 


In view of the hundreds of published special-purpose mathematical tables, no short 
selected list is likely to be of great service in an emergency. During the depression 
of the 1930’s, several large volume mathematical tables for higher functions were 
prepared under A. N. Lowan and associates as New York W.P.A. projects; additional 
tables prepared under his direction have been issued by the Bureau of Standards in 
Washington. Using high-speed digital computers, the Computation Laboratory of 
Harvard University has prepared and is issuing a series of tables of higher mathemati- 
cal functions. These and the impressive series of tables being published for the 
British Association by the Cambridge University Press (since 1931) should be avail- 
able in every science library. 

Some tables for statistics are found in: 


Burington, Richard S., and Donald C. May: ‘‘ Handbook of Probability and Statistics 
with Tables,’”’ Handbook Publishers, Inc., Sandusky, 1953, 332 pages. 


Hald, Anders: ‘‘Statistical Tables and Formulas,’’ John Wiley & Sons, Inc., New 
York; Chapman & Hall, Ltd., London, 1952, 97 pages. 


Kelley, Truman L.: “The Kelley Statistical Tables,’’ Harvard University Press, 
Cambridge, 1948, 223 pages. 


& 


Waugh, Albert E.: “Statistical Tables and Problems,” 3d ed., McGraw-Hill Book 
Company, Inc., New York, 1952, 242 pages. 


For ready reference to modern mathematical tables (but previous to 1945), one 


_ should consult the extensive and definitive work: 


Fletcher, Alan, Jeffrey C. P. Miller, and Louis Rosenhead: ‘‘An Index of Mathe- 
matical Tables,’”’ Scientific Computing Service, Ltd., London, 1946, 450 pages. This 
valuable index states for each table the range, tabular interval, number of significant 
figures in the values, whether or not tables of proportional parts are given, what order 
or orders of differences are shown, and so forth. 

Information on new publications and critiques in the field appears in the periodical: 


‘Mathematical Tables and Other Aids to Computation,” Washington, National 
Research Council, (quarterly). 


Section 2_ 
MECHAN IC Ss 


R. BRUCE LINDSAY, Editor 


2a. Fundamental Concepts of Mechanics. Units and Conversion Factors . .. 
2b. Density of Solids...... eccds Sash vtaadn Reais theasatig Srnea oes hee eee 
2c. Centers of Mass and Moments of Wiertians 20.2.6. Go ee ee 
2d. Coefficients of Frictiom.........5....0....... esa: Gata tie ped Rete 
Qe... Crystallographic Dates... oc c4.a008s hewn cde dogs eee hens HORS ees . 
2f. Elastic Constants, Hardness, Strength, aad Elastic Limits of Solids. er: 
2g. Mechanical Properties of Gels and Tarp tropie Substances............. 
2h. Viscosity of Solids...... Meenas Bee sds, STs aoa tat mia Son Sees ere” 
2i. Astronomical Data.................... aeeen eee Roe deh tye ee 
2}. Geodetic Data..... eer ee rere ee een ee ee ores 
2k. Seismological and Related Data. pets OC hens can Bataga As has, eee Piatti Rta S 
21. Oceanographic Data............... Sch Stag wit utes aehdee meets ease Manna 
2m: Meteorological Data.:.... 0.0.0. oe eee ae 
2n. Density and Compressibility of Liquids ee Tere eee ene eT eae ae 
20. Viscosity of Liquids..... wan HN alti ca hs AS ig venga ec cicero Oi ai had we Ain oi ee 
2p... Tensile Strength.and Surface Tension of Liquids..................4.. 
2q.. Fluid-flow Properties of Porous Media and Viscosity of: Suspensions aks 
2r. Cavitation i in Flowing Liquids....... bade one te nieces areas Ps tncded & BRS ak 
9s. Diffusion in Liquids....... vit kn Shh boa Behan desk gos ela levine oe 
2t. Liquid Jets............... eee Lai cadre tig teat ins eae ate eat ee oss Sas gee eS hes 
2u. Density of Gases at Standard Temperature — Pressure. Aide alee tere ae 
2v. Viscosity of Gases......... ee ee ee ee Lace deaezosaes 
2w. Diffusion of Gases..... sig Gta bate (ae ge as verre ee ae 
2x. Compressible Flow of Gases..........5......04-- soo le Seth ans cern laa 
2y.; Laminar and aur ent sid of Gases. OTN oe eae en Sr Sr ree ear 


BZ... 


CONTENTS 


‘Shock: Waves...........-- Paice dad Bat de St pd aes ere errs 


2a. Fundamental Concepts of Mechanics. Units and 
Conversion Factors 


DAVID MINTZER;! PAUL TAMARKIN,? AND R. BRUCE LINDSAY 


Department of Physics 
Brown University 


2a-1. Newtonian Concepts of Mechanics. The science of mechanics deals with the 
motion of material bodies, which ideally can be considered as made up of point par- 
ticles. In order to describe the motion of a particle three concepts are needed: a frame 
of reference, distance and time interval. These concepts are left undefined as intuitive 
concepts with sufficiently universal meanings. Distance and time intervals are meas- 
ured in terms of standards which have a wide range of acceptance, such as the standard 
meter and the sidereal day. (The important systems of units are tabulated in Secs. 
2a-8 and 2a-9.) The frame of reference consists of a reference point and a coordinate 
system (whose origin may be at the reference point); a reference event is necessary as 
well as a frame of reférence. 

The position of a particle may be specified with respect to the reference point by 
considering a rectangular coordinate system whose origin is at the reference point. 
The position of any particle is then given in terms of the distances along the coordinate 

2 axes from the origin to the projection on 
; these axes of the point representing the posi- 
tion of the particle. 

The location of an event in time, or the 
time of an event, similarly is expressed in 
terms of the time interval with respect to 
the reference event. The terms “time in- 
terval” and “time” are usually used 
interchangeably. 

The above concepts are usually referred 
to as Newtonian; they suffice for classical 
mechanics. 

2a-2. Kinematics—The Space-Time Re- 

| lationships in the Motions of Point Particles. 
Fig, 2a-1. Base vectors in rectangular Velocity. Velocity is the rate of change of 
cooraineye:: position with respect to time. Two types 
of velocity are commonly used, instantaneous and average. Instantaneous velocity 
is the time rate of change of position calculated pointwise, thus being a derivative. 
Average velocity is the time rate of change of position calculated as the quotient of 
a finite distance and the corresponding finite time interval. 

Velocity is a vector with components which depend in general on the coordinate 
system used. If e1, e2, es are base vectors of the coordinate system under considera- 
tion, then, for three commonly used systems: 


1 Now at Yale University. 
2 Now at RAND Corporation, Santa Monica, California. 
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FUNDAMENTAL CONCEPTS FOR MECHANICS. UNITS 2-3 
(1) HeCteneNa coordinates (cf. Fig. 2a-1): 


V = ez + ew, + C30, = ae 7 ee e, 4 dt bs Pee ‘7 (2a-1). 
(2) Cylindrical coordinates (ef.. Fig. 2a-2): 
V = 1, + Cog + ex. = ms di aoe ex ai De e3 G = (2a-2) 
(3) Spherical coordinates (cf. Fig. 2a-3): 
v = ey, F ew9 + e304 =e% ++ er + e;r sin 6 “¢ 8 (2a-3) 


Acceleration. Acceleration is the rate of change of velocity with respect to time. 
Instantaneous and average acceleration may be defined analogously to instantaneous 
and average velocities; however, instantaneous acceleration, or the time derivative of 
velocity (or equivalently the second time derivative of position) is the more commonly 


Z 


Fic. 2a-2. Base vectors in cylindrical Fre. 2a-3. Base vectors in spherical 
coordinates. . coordinates. 


used quantity. Acceleration is a vector with components which depend i in general 
on the coordinate system used. If e1, é2, es are the unit base vectors of the coordinate 
system under consideration, then for the commonly used systems: 


(1) Rectangular coordinates: 


a= ed, + Coty + e:0, = a - —_ 7) oe + @3 55 a '  (2a-4) 
(2) Cylindrical wine” | | 
oe | d?¢ , dr dé d?z 
& = e€10, + e206 + Cad, = C1 a = aD) | + e2| r qe +20 + es Gp _(2a-5) 
(3) Spherical coordinates: 
2 
A = €10, + C206 + C204 = C1 Ee - a) —rsint 0 (S "| 


d?6 drdo 
tele ae +2 Spar —rem acoso ‘| 
do de dr de 
+ e; [+ sin 0 SE + 2r cos 0-7 ae di + 2 sin in 67; 7 | (2a-6) 


2a-3. Newtonian Dynamics of Particles—Relationship of the Motion of Particles 
to the Forces Acting upon Them. Inertial Frames of Reference. Not all frames of 
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reference are equally useful in describing ‘the motion: of a body; of all-possible frames 
there is a set, called ‘‘inertial frames of reference,’ in which particularly simple laws 
describe the motion of a particle. An intuitive definition of an aur frame of refer- 
ence regards such a frame as being one which is “embedded in space”’ with respect to 
an observer; more exactly, an inertial frame of reference ‘i is one in which an isolated 
body moves with constant velocity. It may be easily seen from Newton’s second law 
of motion (below) that any inertial frame is transformed to any other by uniform 
motion in a straight line. i ee, on a dee a 

Definitions of Useful Concepts. Mass: The Newtonian mass of a particle may be 
defined by considering the acceleration associated with the mutual interaction of this 
particle with a second, a test particle, when the two form an isolated system. The 
mass of the first particle is defined as a constant times the ratio of the magnitude of 
the accelerations of. the second and first particles, respectively. The constant depends 
only on the choice of the second particle, and by mutual consent the constant may 
arbitrarily be set equal to unity. The second particle then represents the standard 
unit of mass, and the mass of the first is thus determined by the above-mentioned ratio 
of accelerations. This method, although having the advantage of yielding an 
unequivocal definition of mass, is not usually a practicable one and is replaced by other 
methods (e.g., the balance) in actual determinations. Implicit in this definition is the 
assumption of additivity of masses, thus enabling the mass of a finite Deed, as an 
aggregate of particles, to be determined uniquely. 

DENSITY! The density of a substance is defined as the mass De anit vohime of the 
pupae! and i8 calculated from the formula ae 


= m/V Tie ee 


hake pis the aa 4 m.is the mass, V is the volume oceupied by: mass m.. es 
is thus a measure of the volume concentration of mass: | 7 

MOMENTUM: The momentum of a particle is defined as the product of ite mass and 
velocity and is therefore a vector quantity. 

KINETIC ENERGY: The kinetic energy of a particle is defined as: one-halt a product 
of its mass and the square of its velocity, and'is a scalar.. : 

FORCE: The force acting upon a particle is assumed as the cause of thé aeetnniion 
of the particle. It may be defined as that vector function which, in magnitude and 
direction, equals the time rate of change of momentum of the particle. Thus oe 


OF =F nw) REET IE Me eka ee 


where F represents the foree,: and m and vare the particle 1 mass sand d velocity, respec- 
tively. “e | 

This force depends in an not cnly on the particle in question but also on the 
nature of other particles in, and properties of, the system of which the original particle 
is a part, the mutual separations and velocities of the particles and possibly of the time. 
Although force has been defined’ so far only’ for a particle, the definition may be 
extended to finite distributions of matter by considering infinitesimal portions as 
particles and integrating. 

Newton’s Laws. The:dynamics of particles situated j in an inertial frame of reference 
is governed by Newton’s three laws of motion. The extension of these laws to a non- 
inertial frame is, in principle, immediately: forthcoming by considerations of the 
accelerations of the noninertial frame with respect to an inertial one; thus Newton’s 
laws govern the dynamics of particles when N ewtonian. concepts are valid. Newton’s 
lawe are as follows: 

1A particle, not under the action. of a FS wil maintain its Ried Hncmeed 
in magnitude and direction. | - oe Sees Meee. 8 ek ee 
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2, A force‘acting on ‘a particle causes: change of momentum of the es the Tate 
of change of momentum being vectorially equal tothe force. ~ | 

3. If one particle exerts a force on:a second, then the second: exerts a ery seat in 
magnitude but opposite in direction, on the first. 

Statics. The branch of dynamics which deals with particles undergoing no accelera- 
tion is termed ‘ ‘statics,’’ _ We.see from Newton’s.second law that, in this case, |. 


where F refers to the vectorial sum of all the forces acting on ‘the particle. 
“Noninertial Dynamics. At times it is convenient to consider the dynamics of a 
particle in, a, noninertial frame, ¢.g., motion relative to rotating or other moving axes. 
There will then be an apparent force acting on the particle which is the difference 
between the Newtonian force (that acting in the inertial system) and the inertial force 
mao, where ay is the acceleration of the noninertial system with respect to the inertial 
frame. Symbolically, Fg = F — “thao, where: Fi is the apparent force, and’ F is the 
Newtonian force. We can set Fz = maa where aa is the acceleration of ‘the pechite 
with respect to the noninertial frame. | i 
.,D’ALEMBERT’S PRINCIPLE: Often it is advantageous to choose a noninertial system 
such that Fg = 0; the dynamical problem in the noninertial system then reduces to a 
statical one. That such a noninertial cae can: oF ‘chosen. is ‘one’ pete y ne of 
D’ Alembert’s principle.:- A me ie ace 
‘INERTIAL’ FORCES—-CENTRIFUGAL AND CORIOLIS FORCES: : The difierenes’ ieee the 
Newtonian force and the apparent noninertial force can be termed the ‘‘inertial force:” 
Centrifugal and Coriolis forces are two ama occurring crue oF such inertial. 
forces. ‘The centrifugal force is given by .. greg 3 


where w is the instantaneous angular velocity of the moving axes about the axis of 
rotation and r is the position vector of the particle with respect to the moving axes. 
The Coriolis force is given by aes: 

it ae fp = 20 X Vv? (2a-11) 


where w has the same meaning as above dnd v is the apparent velocity of the particle 
with respect to the moving axes. 

Conservation of Momentum. IMPULSE-MOMENTUM THEOREM: ': The a aaa of a » force 
acting between times to and t: is defined'by * 


$= “F at (28-12) 


From Newton’s second law, the amuse of the otal ores Sane on a article during 
some time interval is equal to the change, in the momentum of the particle during the 
time’ ‘interval, L.é., - 

$= invi — MVo — (2a-13) 


| - CONSERVATION ‘OF MOMENTUM: When the total force acting upon a particle i is zero, 
the momentum of the particle is a constant; this follows directly from the impulse- 
momentum theorem, 

Conservation of Energy. WORK-ENERGY THEOREM: The work done on a ‘particle by 
a force acting during the displacement of a ‘particle from position P» to position P; is 
defined as 


W.= J Rog Se * 894) 
Po 


2-6 7 MECHANICS 


where ds is an infinitesimal displacement along the path of the particle. From 
Newton’s second law the work done by the total force acting on a particle during some 
displacement of the particle is equal to the change in kinetic energy of the particle: 


W = im? - Line? | | | (2a~-15) 


POTENTIAL ENERGY: If the work done by a force acting on a particle does not depend 
upon the path of the particle, but only on the initial and end points of its motion, we 
call the force a “conservative force.’”’? The condition for a force to be conservative is 


that its curl shall vanish, i.e., | — 
VxXF=0 (2a-16) 


If the force is conservative, we may define a potential-energy function of position V 
such that | 
F = —VV (2a-17) 


CONSERVATION OF ENERGY: If the total force acting upon a particle is conservative, 
the sum of the kinetic and potential energies is a, constant; this follows from the work- 
energy theorem and the definition of the potential energy: 


gm? + V(z,y,z) = U : (2a-18) 


where U, the total mechanical energy, 1s a constant. 

2a-4. Dynamics of Systems of Particles. In examining the dynamics of a system 
of point masses, consider N point particles, each of mass m;, wherei = 1,2, ...,N. 
The total force acting on m; due to 7m; is F;;; in addition, a total external force F; acts 
on m;. At any time é, m; has a position r;, a velocity r:;, and an acceleration f;, all 
relative to some inertial frame. (The dots denote differentiation with respect to 
time.) | | 

Definition of U seful Concepts. CENTER oF Mass: The position of the center of mass 
of the above system is given by 


ee (2a-19) 


MOMENT OF MOMENTUM: The moment of momentum of the ith particle in the above 


system is defined as | 
Ly = 1 X mits (2a-20) 


The total moment of momentum of the system is 
= ps L; = >. mri X fs) | | | (2a-21) 


If the collection of particles is a rigid body, the moment of momentum is called the 
“angular momentum”? (cf. Sec. 2a-5). 
TORQUE (MOMENT OF FORCE): The torque due to a force F; acting on the ith particle 
in the above system is defined as | _ 
T; =1; X F; | | —. (2a-22) 


The total torque acting on the system is T = >» T;. (The force F; includes forces 
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externally applied to the particle, as well as internal forces of interaction among the 
particles of the system.) : 2 os | 

Application of Newton’s Laws. We may apply Newton’s second law to each particle 
of the system, and obtain : 
mir; = F,;* + Fé (2a-23) 


where F,‘ = 2;,1 Fi; is the total internal force acting on m; (due to all other particles), 
and F;,¢ is the external force on the 7th particle. 7 7 3 
If we sum over all particles of the system, we obtain, by use of Newton’s third law, 


F;* = 0 | (2a-24) 
i=1 
MOTION OF THE CENTER OF MAss: The analogue of Newton’s second law for the entire 
system is therefore 7 


N 
MR = > Fe (2a-25) 
t=1 
N | , 
where M = > m; is the total mass of the system, R is the acceleration of the center 
i=1 


of mass of the system, and %; F;* is the total external force. 
MOMENT OF MOMENTUM AND TORQUE: By forming the cross product of both sides of 
Eq. (2a-23) with r; and summing over all particles we can show that | 


7 iD, X (mits)] = y Te = Te | (2a-26) 


provided that the internal force F,; acts along the straight line connecting the particles 
¢ and j in each case. | 
In particular, if r;, is the position of the ith particle with respect to the center of mass, 
so that | . 
ie = Ts — R 
it follows from Eq. (2a-26) that 


N 
¢ esi) = ») ri, X Fs | - (2a-27) 
4=1 t=1 


That is, the time rate of change of the moment of momentum is equal to the total exter- 
nal torque when both are taken with respect to the center of mass. The above equa- 
tion is also true if the center of mass is replaced by any point moving with the velocity 
of the center of mass, which may, of course, also be at rest. 
Conservation of Momentum. It follows from Eqs. (2a-25) and (2a-26) that | 

1. If the total external force is zero, the linear momentum of the center of mass is 
constant. 

2. If the total external torque about a fixed point, or one moving with velocity of 
the center of mass, is zero, the moment of momentum about that point is constant. 

Conservation of Energy. WORK-ENERGY THEOREM: The total work done by the 
external and internal forces acting on the system is equal to the change in the total 
kinetic energy of the system (the sum of the kinetic energy of each article) . 


N N ve 
rye , v5 . 
z y mi(v; — v;) = > [ , (Fe + F*) - dr; (2a-28) 
| ae ts eee = oo a 


i=1 
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where Yar v; are the velocities of the 7th particle at-position r, ad ry peePeoeey and 
F;' = 2,1 F.; is the total internal force acting on the 7th particle.. | 

CONSERVATION OF ENERGY: If the internal and external forces are connein ative 80 
that they can be derived from potentials, 7 Py, ge , 


Fé = — WV and ‘Fy = -We (20-29) 


then me sum of the kinetic oe potential energies of all the particles 3 is & Sonstants 


fs (smo? + Vi + Ve) =U (2a-30) 
Ras ie ie Me | 
where U is the total energy of the system. | 

2a-5. Dynamics of Rigid Bodies. Definitions of Kinematical Concepts, A rigid 
body is an aggregate of particles the distance between any two of which remains con- 
stant. The position of a rigid body in any frame of reference is completely deter- 
mined by fixing the position of three noncollinear points. This means that the 
number of degrees of freedom of the rigid body is six. There are two principal types 
of motion of a rigid body: (1) translation, in which all particles move with the same 
velocity and acceleration in parallel paths, and (2) rotation, in which some point or line 
of points (axis) remains fixed in space. Every motion of a rigid body can be considered 
as a combination of translations and rotations. 

The instantaneous angular velocity w is the primary quantity. descriptive of the 
kinematics of a rigid body. This is a vector lying along the instantaneous axis of 
rotation and having the magnitude such that its cross product with the position 
vector rp of any point P of the rigid-body relative to an origin on the axis yields the 
velocity of the point P, Symbolically. : - | 


pe ORT mek Chee ods ie / (2a-81) 


The angular velocity can always be neers into rectangular apuipenentay Way Wy, We, 


L.€., 
© = iw, + jo, + kw, a ee (2a-32) 


Angular acceleration is the time rate of change of angular velocity, i.e. (to use the 


dot notation), bik 
a2 =o - (2a-33) 


"Dynamical Concenis and Equations of M otion. The total moment of momentum L 
of the rigid body with respect to some fixed origin of coordinates either. inside or out- 
side the body [cf. Eq. (2a-20)] i is called the angular momentum of the rigid body about 
the origin. By expansion of the summand i in Eq. (2a-21). after employing Kq. (2a-31) 
there results _ 


L = iG al ~ eulogy = Wz ip: 
+ j(-oslys ae wy yy — We Lye) hues & aS 
of k(—w2l yx oyliy + We Tee) OP eda. ae (2a-34) 


where I, rey 7 ron le are called the “moments of inertia’’ of. the rigid body about the 
L,Y, z axes, respectively, and 7 zy) I yz, Izz, etc., are called ‘‘ products of inertia.’”” We 
have i = | oo fe ee ee 

Ten = Smji(yi2 + 25?) etc. 


; I ay >. ZMiiys ete. (2a-35) 


By proper choice of axes (called ‘ ‘principal ” axes) the seoquces of inertia can be made 
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to vanish. If we write em ee a ee a Co 
- gi MBB oe a (B86) 
where... ...—... ,.. sR? one eo (2a-37) 
and M is the total mass of the. rigid body, F is termed the “radius or gyration’ ’ about 
the z.axis.- 5 st er er ee , tegeabetatie tam. (at, ~ Mie. 
- The fundamental equation of motion, (Newton’s second law) of the rigid body about 
a fixed origin ‘is. — | bee - 


ie phe Te.) ao Taede &  g, 12888) 
where T is.the total torque about the instantaneous axis through the fixed origin, 
If the fixed origin is chosen as the center of mass, the total motion is obtained by super- 
posing the translational motion of the center of mass on the rotational motion about 

Static Equilibrium. A rigid body is in translational equilibrium if its center of mass 
moves with constant velocity in an inertial frame. It is in rotational equilibrium 
about any point if the resultant torque about the point vanishes. ‘This means L = 0 
and corresponds to conservation of angular momentum. The behavior of a rigid body 
under these conditions is the subject matter ofrigid statics, 


B wg 


Moving Axes. Euler's Equation. For axes fixed in space, w and the moments and 
products of inertia in general change with time as the rigid body moves. Simplifica- 
von often results by using axe fised in the body, since thed Trm; 1, eto. remain 
constant. aa 


Then, for motion about’ a fixed point the axes rotate, and we have me 
wee OL = ihe + jly + kb, He XD oo. (2a-B9) 


ite & at a, Mee. oi As Bee icc tik, Saws» Stee OR ght gum Ps GN HR gait BON eA : pitas 
where Lz, L,, Lz are the components of angular momentum about the moving axes 
and « is the instantaneous angular velocity of the body about; the instantaneous axis 
of rotation. If we choose prineipal axes the equation of motion (2a-38) becomes 


Ps ieee ted Tyee 
AGT yyy + Tee —Tes)onos| 
- , ee en de k[T220, 4 Ly — Tre)ozy] ee (De dO) 
This is Euler’s equation. The three component equations to which it reduces are 
usually called Euler’s equations. 2.0 0 ee oa 58s ee , 
Kinetic Energy. Work-Energy Theorem. (It a rigid body. has one point. fixed. in 
space and the angular momentum about this point is L, while the angular velocity 
about an instantaneous axis through the point. is a, the kinetic energy of rotational 
motion is Se 
KS zo".L ; ‘ Pa —— e (2a-41) 
The work done by the resultant torque T about the fixed point in time dt is 
dW=Teodt 9 | / (2a~42) 
measured with respect to axes fixed in the body. “Simee | ae ; a and 


it follows that the work’ done by the resultant torque in any time interval is equal to 
the change in kinetic energy of rotation during this same interval. . 
Total Energy. The total kinetic energy of a rigid body is the sum of the kinetic 
energy of translation of the center of mass (assuming all.the mass to be concentrated 
there) and the kinetic energy of rotation about the center of mass. The total potential 
energy is the sum of the potential energy of the center of mass (with all the mass:con- 


centrated there) due to the external forces acting on the body and the potential energy . 
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of all the particles of the body due to the internal forces of cohesion that hold the body 
together. If the body remains really rigid throughout its motion, the last-named 
potential energy remains constant. With this understanding, the tea of conservation 
of energy of a rigid body is phrased as precisely as that in the case of a particle. 

2a-6. Dynamics of Deformable Media. General Concepts of Strain and Stress. 
Whenever an extended medium moves in such a way that the distance between | any 
two particles constituting the medium changes, the medium is said to be deformed. 
Deformations are of two general types: (1) dilatational or extensional, in which a 
change i in the density of the medium takes place (change in the size, if the medium 
is finite) and (2) shear, in which a change in the shape alone takes place. The corre- 
sponding fractional deformations (nondimensional quantities) are termed strains. 
Thus the dilatational strain is the negative of the change in density divided by the 
mean density. The extensional strain (in the case of a rod, string, or other linear 
medium). i is the change in length divided by the mean length. The shear strain is the 
difference in displacement of two parallel planes in the medium divided by the per- 
pendicular distance between them. 

When a medium i is deformed by the application of external forces, the dynamics of 
the deformation is best described in terms of internal stresses which are assumed to 
change with the deformation. A stress is a force per unit area with which the part 
of the medium on one side of an imaginary surface acts on the part on the other side. 
If the force is normal to the surface, the stress is dilatational: if the force is parallel 
to the surface, the stress is a shear. The stresses associated with deformations are 
strictly excess stresses (i.e., the change in stress produced by the application of the 
external force). The adjectives is normally omitted. _ 

Elastic Media. Hooke’s Law. If when the deforming forces are removed a medium 
reverts to its original condition, it is said to be elastic. In such media the ratio of 
stress to strain is approximately a constant for a certain range of stress variation. 
This is Hooke’s law. For all solid media the imposition of a sufficiently large deform- 
ing force leads to a breakdown of this linear relation; i.e., they possess an elastic limit 
(cf. Sec. 2f). Indeed even larger deforming forces may cause the solid to flow (strain 
dependent on time) and it becomes plastic. Even elastic substances do not always 
return 7mmediately to their original condition after the removal of the deforming force 
(elastic lag or relaxation). Fluids can experience change of state under sufficiently 
high stresses. 

For an elastic medium for which Hooke’s law holds it is possible to define glastie 
moduli, i.e., ratios of stress to strain. Thus, ; 


Compressional stress k = bulk modulus or modulus of volume elasticity 


Volume strain 
Tensile stress 
Linear strain 

Shearing stress 
Shear strain 


= Y = Young’s modulus 
=.= shear modulus or rigidity 


The deformation of. a homogeneous isotropic elastic medium can be completely 
described in terms of these three moduli. A fourth, Poisson’s ratio o, is usually added. 
This is the reciprocal of the ratio of linear extensional strain in a wire or rod to the 
concomitant lateral contractional strain. . The following relations hold among the 
moduli: | 
Y = 3k(1. — 2c) = ‘ra + @) | 
yp = She | | ‘(2a-44) 
a + 3k 


Evidently for such media 4 | : | 
es | -~l<o<¥% _s | (2a-45) 
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~ General Stress and Strain Expressions for an Arbitrary Medium. Uthe displacement 
from its equilibrium position of any particle of a deformable acorns is deuotes by 
the vector 


A=i+in tke Ree 5 - ast) 


where the displacement aomionents t, n, ¢ are in general functions of Seth space and 


time, the effective strain is denoted by the covariant tensor of the Secon order written | 


in matrix form as follows: 


d&/dz, L(an/az + at/ay), 3(9f/de + 9£/dz) 
D= 3(9n/dz + d¢/dy), 8n/dy, 4(0n/dz + dt¢/dy) (2a~-47) 
3(0¢/dx + d€/dz), a(0t/dy + dn/dz), df /d2 


This is often written in the abbreviated symbolic form 


1 1 
Caz» Gerry) Gerz 
1. 
D =| gezy, Cyyy, Zevz (2a-48) 
1 
Zexzy Zlyzy Czz 


The diagonal elements in this matrix are dilatational strain components, whereas the 
nondiagonal elements are shear strain components. 

The total stress in a deformable medium is most adequately expressed in terms 
of the stress tensor S which is represented by the following matrix: 


Xe, Xy, Xz 
Sala Vy, Ya] | Ka49) 
Za, Ly Zz 


Here X, = tensile stress in z direction on surface normal to z axis 
X, = shear stress in y direction on surface normal to x axis 
X, = shear stress in z direction on surface normal to x axis 
etc. 
It should be noted that the stress tensor is Bymune trical, ie., X, = Y,z, etc. Thesame 
is true of the strain tensor (e2 = €zz, etc.). 
Hooke’s Law in Tensor Form for a H omogencous, Isotropic Elastic M edium, _ Kor this 
case Hooke: s law takes the form 
SS = QyuD + AD | | ‘(2a-50) 


where uz is still the shear modulus, and AN=k — 2u /3. D’ is the diagonal tensor. 


8 0 0 : cs A 

D’=/0 98 O. : : (2a-51) 

0 0 8 © ax i tet 

with - , @ = é@rz + Cyy + zz ; , . | (2a-52) 


Hooke’s Law for an Arbitrary Crystalline Medium. If the medium is a crystal with 
different properties in different directions, Hooke’s law takes the form of the following 
linear eave expressing the strain components in rons of the stress components. 


= SiuXz + SirYy + 81sZ. + SuYe + SusZo + SiceXy 
ous = SoiX, + SooVy + So3Ze + SaaYe + S2sZe + SoeX y 
-@zz2 = SaiXe + S32Vy + Ss3sZ2 + SY. + SssZz + SsoX y 
Cz = SaiXxz + Sa2Vy + SasZe + SasVs + SasZe + SacXy 
Cry = SsiXa +.S52Yy + S53Z. + SsaVe + SosZz + SseXy 
Czy = SeXz + SozVy + So3xZz +.SoaVs + SosZe + SooXy 


(2a-53) 


Pe gee er ty as a a it, 
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The 36; coefficients Sis; Sis,.. . . , 8:3, . . .', Seg are called the “elastic constants.” 
Ifithe abeve linear equations are solved for the stress components in terms of the strain 
components, the corresponding coefficients C;; are called “elastic coefficients.” It 
can be shown that, for any 7,;;, Ci; = Cj; and Si; = Sj. 

For a cubic crystal the elastic coefficient matrix reduces to 


mee AO Oye Cie 0 


0 O° 
Cre Cu Cie 0 0 0 
— CHC Cr Cu 0 0. 0 : 
ee a ee ar ity ‘ O- 0 0 | 0 ‘ Cs 0 
| On | | | 0 PP 


Moreover for a cubic crystal Cu = 1 / Sas The bulk modulus in this case is given by 
k= ce a a (2a-55) 


Equation of Motion of a Deformed Homogeneous Isotropic Elastic M edium. The 
equation of motion of such a medium of density p, in which the displacement from 
equilibrium is the vector A, takes the form a | : 


pA = (« + oe VA — uv XVA 7 (2a-56) 
If V-X A = 0 this is the equation of irrotational waves traveling with velocity 
n= fet 4488 soy fF onae 8, 4 ener 
as Oat Mee G2 be, 72 
If V- A = 0, this is the equation of solenoidal waves traveling with velocity 


v= Ve Rae 58) 


‘2a-7. Fluid Dynamics. General Concepts. Fluids in Equilibrium. A perfect fluid 
is a deformable medium in which deforming forces give rise only to dilatations and 
never to shears. This is an ideal concept and is realized only approximately for actual 
fluids.. Gases manifest the property more nearly than liquids, though both are nor- 
mally considered to be fluids. Liquids can present under many circumstances the 
phenomenon of a free surface. , coe 

The dilatational stress in the case of a fluid is termed the pressure, which is the 
force per unit area directed against any surface imagined to exist in the fluid. A 
perfect fluid in equilibrium under the influence of an external force F acting on unit 
mass is subject to the relation 
where p is the pressure (here treated for simplicity as a-scalar since it acts normally. to 
every surface when the fluid is in equilibrium) and p the density, all quantities being 
considered as functions of space alone. The solution of this equation for given F gives 
p as a function of position in space and yields Pascal’s law of the transmissibility of 
pressure in a fluid in equilibrium. From this also follows at once the principle of 
Archimedes that any fluid in equilibrium exerts on a body immersed in it a buoyant 
force equal in magnitude to the weight of the fluid displaced by the bedy and directed 
upward through the center of gravity. | 
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Flow Concepts. Equations of Continuity. In the Eulerian system -40: which. this 
review is confined the flow velocity of a fluid is the vector v whose magnitude:at any 
point and at any time is the volume flow per unit time per unit area; placed normal 
to the direction of flow, the latter being the direction of v. This quantity is a function 
of both space and time. In any continuous indestructible fluid of density 6 containing 
no sources or sinks v obeys the so-called equation of continuity: iF et 


NEED re. (2a-60) 


where it is to be noted that p also is a function of space and time. For a homogeneous 
incompressible fluid this equation reduces to D gt es vere . 


were, Geen 


i.e:, Vis a solenoidal vector. If further v is irrotational, so that VxXVv= 0, it follows 
that . | 
v=Vo op se (2 a62) 


where ¢ is a scalar potential, called the “velocity potential” and the equation of con- 
tinuity reduces to Laplace’s equation can 
V2¢ = 0 - (2a-63) 


Equation of Motion. Bernoulli’s Principle. The vector equation of motion of a 
compressible fluid of density subject to an external force F is 


obey gy = ae ‘ (20664) 


where p is the pressure. eG | 

For irrotational flow in a conservative force field (F = —VV) it follows from the 
equation of motion that 
ais ne sev? + pV + p = const an  (2a-65) 


which is the principle of Bernoulli. It-can also be shown that, even if the. flow is not 

irrotational, as long as it is steady and in streamlines, so that v does not depend on the 

time, the above equation of Bernoulli will still hold as one proceeds along any given 

streamline, though the constant will in general be different for different streamlines. 

Viscous Fluids. In contrast to a perfect fluid in which no shearing strains can exist, 

a viscous fluid is one in which the part of the medium flowing in one layer exerts a 

tangential or shearing stress on that flowing inthe same direction in an adjacent layer. 

In the simplest type of viscous flow the tangential force is proportional to the velocity 

gradient normal to the layer and the coefficient of proportionality is called the vis- 
cosity 7. Specifically ty ME SE Gee - : OBR ake 
shearing stress es ee ae 

1 velocity gradient normal to flow - eek) 


The analogy between this relation and that defining the shear modulus for an elastic 
medium is obvious, the difference being that here the denominator is the rate of change 
of shear strain instead of the strain itself. The suggestion is immediate that the 
discussion of viscous flow can develop along the lines of the analysis of the behavior of 
deformable media in general (cf. Sec. 2a-6). This is indeed the case; it makes pressure 
appear as a tensor (analogous to the stress tensor). See also Secs. 20, 2v, 2y. .. 

A solid moving through a viscous fluid encounters increased resistance because of the 
viscosity. The simplest case is that in which a sphere of radius a moves through a 
fluid of viscosity 7 with constant velocity v. The resisting force is then given by 
Stokes’ law | a $30 ; | Se ie - 
F = 6rnav cee (2-67) 


2-14 oa MECHANICS 


Surface. Tension in Liquids. This is the force per unit length y in the surface 
separating a liquid from the material surrounding it. Details concerning this as well 
as numerical values will be found in Sec. 2p. 

Surface Waves in Liquids. When the free surface of a liquid is deformed, the forces 
acting on the: deformed elements are primarily surface tension and gravity. The 
velocity of the resulting surface wave, if it is harmonic and has wavelength \, is 


V= v(e 27) tani Pat (2a-68) 
| Qa 


where g is the acceleration of gravity, p the density, y the surface tension, and J the 
depth of the liquid. For a relatively shallow liquid, for which | < \, and the surface 
tension not very large, we have 


Vevgl | (22-69) 


If the liquid is relatively deep, or 1 >), 


v= vk 4 227 (20-70) 
For long waves 
Yom an 
while for ripples (small \), surface tension predominates and 


. 4 [2x7 

VEN 

Compressional Waves in Fluids. The combination of the equation of motion 

(2a-64), the equation of continuity (2a-60), and the equation of state of the fluid, i.e., 

the relation connecting change in density with change in pressure, leads to the wave 
equation for compressional waves traveling with velocity 7 


dp 


v= NG, (28-71) 


The values of V for gases. and liquids will be found in Sec. 3. 
2a-8. Fundamental Units | 

Circular Mil. Area of circle whose diameter is 0.001 in. 

Day. Period taken for one revolution of earth about its axis. 

Degree. Angle subtended at the center by a circular arc which is yd of the 
circumference: 

Hour. sxx part of day. | 

Light-year. Distance traveled by light in 1 year at rate of epproximately 186 x 
103 miles/sec. 

Minute. po part of hour. 

Radian. Angle subtended at the center by a circular arc which i is sual in length 
to radius of circle. 

Second. py part of minute. 

Steradian. Solid angle subtended at ine center by 1/42 of thesurface area of asphere 
of unit radius. | 

Year (Sidereal). Time taken by sun (as seen from eaithya in leaving and returning 
to meridian of a given star. | 
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Year (Tropical, Mean Solar). Time taken by sun (as seen from earth) in leaving 
and returning to the same equinox. 


2a-9. Derived Units 


Atmosphere. Pressure exerted by air at sea level under standard conditions. 
British Thermal Unit (Mean). Energy required to raise temperature of 1 Ib mass of 
water 1°F (averaged from 32 to 212°F). 
Calorie (Mean). Energy required to raise 1 g mass of water 1°C (averaged from 
0 to 100°C). . : 
Centimeters of Hg at 0°C. Pressure exerted by column of Hg of stated height 
at 0°C. 
- Dyne. Force necessary to give 1 g mass acceleration of 1 em /sec?. 
‘Erg. Work done by force of 1 dyne applied over distance of 1 cm. 
Feet of Water at 4°C. Pressure exerted by column of water of stated height at 4°C. 
Kilowatthour. Work done in 1 hr at power level or rate of 10? watts. 
Newton. Force necessary to give 1 kg mass acceleration of 1 m/sec?. 
Poundal. Force necessary to give 1 lb mass acceleration of 1 ft/sec. 
Watt. Rate of doing work, or power expended, in the amount of 107 ergs /sec. 


TaBLe 2a-1. Units AND CONVERSION Factors, LENeTH 


Angstrom | Centimeter | Fathom Foot Inch (U.S.) - oe Light-year - 
Angstrom.......... 1 i es [eee 3.281 X 10719 | 3.937 XK 10-9} 10723 
Centimeter......... 108 ) ne [eee 3.281 X 10°? 0.3937 10-5 
Fathom............|.. ee ee eer ee reece 1? 6 72 
HOGG us occ vess ax bis ele ed oa tae 30.48 0. 1667 1 12 
Inch (U.S.)......... 2.540 X 108 2.540 | ...... 8.333 X 107? 1 
Kilometer..........).........0.. 108 =f ...... 3.281 K 108) |........00... 1 1.057 XK 10718 
TAN V OAR 25 oh oh Da creat ad dns of Nemeth dk Ser WU seach Pavan Sach ad ine foie arene lola ened 9.46 X 1012 1 
Meter.............. 1010 102 0.5468 3,281 39.37 10-3 
Micron............. 104 MOTE) 8. Michie aes ee ols 3.937 K 1075 
Milo Seta a oan Ole tare 2.540 X 1073 | 0... fee, 10-3 | 
Mile (statute).......[........ Be Sa he ait ose 8 gel A PCL 2 Sate 5.280 X 108 6.336 X 104 1.609 1.69 K 1073 
Millimeter..........}............ 1071 eR ee eee eee 3.937 X 107? 
Millimicron......... 10 1077 


Yard (U:8.) eneeca iAdsereewess 91.44 | ...... 3 36 


Meter Micron Mil Mile (statute) | Millimeter ae Yard (U.8.) 
- | micron 

Angstrom................ 10-10 10-4 | 3.987 X 10-8]. ... 0... 107 10-2 | 1.094 & 10710 
Centimeter............... 10-2 | 104 3.937 XK 10? |............. 10 10’ 1.094 X 10-2 
Fathom.................. Be B29). le adigs eae bee ok eet eres hn ce Site Cae lalal er 2 
Fotticcc cacti sac vauty Se 0.3048 | ..... [o.cce, 1.894 X 10-4 ]............ a 0.3333 
Tneli (US) ehh els esas boc lenwekeseuas aden ly 108 1.578 X 10-5 25.40 ..- | 2.778 X 10-2 
Kilometer................ FOR de pee ele enneohenes 0.6214 [............ ... | 1.004 X 103 
Light-) arog can Sa a hveethewstadl Sean Werausteoe ete 5.9 X 1012 
AY, Uc, 7, aera aoe | nee ee eran Fo ere ee 6.214 10-4 ].....0...... 10° 1.094 
Micron................... 10-8 1 3.937 X 1072 |............. 10-3 103 
MALS eter ist acts incu leeiee hee. 25.40 to -° “heoatetetad 2.450 X 10? 
Mile (statute)............. 1.609 K 103} 1.0... foo. eee. tL Ihe eedetuet ... 11.760 > 108 
Millimeter................ 10-3 103 B0zd¢ «I nsacay eee eas 1 
Millimicron............... 10-9 DOCS”, ocaiecuiees sist nilun Gatto uw etelaia RS «tained 41 
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2b. Density of Solids — 


__H. M. TRENT AND D. E. STONE 


Naval Research Laboratory 


R. BRUCE LINDSAY 


Brown University 


For the definition of oe p consult Sec. 2a-2. The cgs unit of density is ‘ee gram 
per cubic centimeter and this is used throughout the tables in this subsection. 

Densities of the elements in solid form are given in Table 2b-1. All data are taken 
from ‘Smithsonian Physical Tables” (9th revised edition, 1954) unless otherwise 
stated. The values marked * are calculated densities from X-ray crystallographic 
data at‘room temperature and are taken from International Critical Tables (1926) . 
All others are measured values for polycrystalline condition, save when otherwise 
stated. ‘Standard room velnpers ture is understood, ‘unless otherwise stated. 


TABLE ah ce OF THE ELEMENTS IN Sotip Form 


Element 7 Physical state : ePonaty : Ses Py 
: “g/em3 Ceo 

Aluminum Sagara. erat .| Commercial hard-drawn solid 2.70 © 20° 
Aluminum.......... ..| Single crystal — 2.692* - wee 
Antimony........... .:| Vacuo-distilled solid °° F662 20. 
Antimony............ .| Single crystal - 6.73* 
APRON: 6.0 ee eaeaeeee .| Solid 1.65 — 233 
AT QOD 005 ohio bed ae a Single crystal 1.645* — 253 
Arseni¢c............. . .| Crystallized solid 5.73 14 
Arsenic: ........... ...| Single crystal 5.75* 
Barium............. *, .| Solid oo! 3.5 20 
Beryllium.......... ...| Solid 1.85. 200 
Beryllium...........'..| Single crystal 1.83* ee 
Bismuth.............. Vacuo-distilled solid 9.78 20 
Bismuth............ . | Single crystal 9.86* 
Boron: ic isdwacwiias “ + | Orystaltized solid 2.535 
Bromine.............% | Solid | 4.2 —27300 > 
Cadmium........... z .| Vacuo-distilled solid 8.65 20.0. 
Cadmium............: | Bingle crystal ~ 8.56* . -_ 
Calcium.............5 .| Solid * 1.55 | BO 
Calcium.............: :| Single crystal 1.54* oe 
Carbon............... | Diamond — 3.52 .20 
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TABLE 2b-1. DENSITY OF THE ELEMENTS IN Soiip Form (Continued) 


Element Physical state Density, 
g/cem3 
Carbon...........5565 Graphite 2.25 
Cerium.............-- Solid § — 6.90 
Ceritiing <4236 orto Cubic crystal 6.90* 
Cerium...............| Hexagonal crystal - 6.73* 
Cesium............--. Solid — an 1.873 
Chlorine..............| Solid | ie $8 dee 
Chromium......... ,..| Solid 7.14 
Chromium............ Crystal | a 7 .22* 
Cobalts..csccieiiues ds Solid | | 8.71 
Cobalt: sa<i.6cx05 o240R% Cubic crystal - 8.67* 
Columbium........... Solid 8.4 
Copper........- ......| Vacuo-distilled solid .... . |} 8.983. 
COPPER scans sere as Single crystal 8 .95* 
Erbium............+5: Solid | | | 4.77 . 
Fluorine............+-- Solid 1.5 
Gallium..........-. ..| Solid 5,93. 
Germanium....... ....| Solid 5.46 
Germanium........... Single crystal 5.38* 
Gold. .cee is ees ere Vacuo-distilled solid | 18.88 
Goldin 46 25 ae eat oh Cast | , 19.3. 
Gold 24.08.55 Bes .....{ Single crystal 19.4* 
Hafnium.........:....| Solid 13.3 
Hafnium......... ee Single crystal © —— 11.3* 
Helium............--- Solid : 0.19 
Hydrogen ee Solid 0.763 
PNG cians eet Solid 7.28 
Indium: sis 464 kes tas Single crystal 7.43* 
Todine:3.).06..¢5040% .| Solid 4.94 
Iridium...............| Solid 22.42 
Tridium.............-. Single crystal | 22 .8* 
THON aciss dese See ons ..| Pure solid 7.86 
TrOfestncs oak eae fe ...| Single crystal Fe-a 7.92* 
Krypton...........--. Solid BG 3.4 
Lanthanum.......... .| Solid | 6.15 
| cr: (sae ee aa eee Vacuo-distilled | 11.342 
Lea@otccxeeienckeda: Single crystal 11.48* 
Lithium: ies ekaen ns .| Solid 0.534 
Lith... 24406500053 Single crystal 0.534* 
Magnesium........ ...| Solid ae 1.74 
Magnesium........... Single crystal L.71* 
Manganese...........- Solid | 7.3 
Manganese............ Single crystal Mn-a 7.21* 
Mercury.........----- Solid 14.193 
Molybdenum.......... Solid — 9.01 
Molybdenum..........| Single crystal 10. 20* 


Neodymium........... Solid 7.00 
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Tas.Le 2b-1. Denstry or THE ExLeMENts IN Sotip Form (Continued) 


Element he Physical state _ Density, _ Temp., 
| g/cm? °C 
Neon .| Solid 1.204 —245 
Nickel................ Solid 8.8 ee 
Nickel................ Single crystal 9.04* 
Nitrogen............. -.| Solid . 1.14 —273 
Osmium............. .| Solid et 22.5 -— # 
Osmium............. .| Single crystal 22 .8* . 
Oxygen............. ..| Solid 1.568 —273 
Palladium............. Solid 12.16 bie andi 
Palladium............. Single crystal 12.25* 
Phosphorus......... ..| Solid, white —- 1.83 
Phosphorus......... -..{ Solid, red 2.20 
Phosphorus......... .:| Solid, black : 62.69 
Platinum............ . | Solid 21.37 
Platinum............ .| Single crystal | 21.5* 
Potassium............ Solid — | 0.87 20 
Praseodymium........ Solid 6.48 20 
Radium.............. Solid | 5(?) 
Rhenium............. Solid 20.53 
Rhodium............. Solid 12.44 
Rubidium............. Solid 1.53 20 
Ruthenium............ Solid 12.1 19 
Samarium............. Solid 7.7-7.8 . 
Scandium............. Solid 3.02(?) 
Selenium.............. Solid 4.82 
Selenium.............. Single crystal 4.86* 
Silicon................ Solid crystal 2.42 20 
Silicon................ Single crystal 2.32* 
SUVEReacceuuvin tacciad Vacuo-distilled 10.492 20 
SHVOD 40sas eke ews de Single crystal 10.49* 
Sodium............... Solid 0.9712. 20 
Sodium............... Single crystal 0.954* 
Strontium...... boas St Solid 2.60 
SURE 5 ss fc ese dere at tyes Solid, rhombic 2.07 
DULUE.254005-nsaaotern Solid, monoclinic 1.96 
Sulit 222.5 4tvaten ead Single crystal 2.02* 
Tantalum............. Solid 16.6 
Tantalum............. Single crystal 17.1* 
Tellurium............. Solid, crystal 6.25 
Tellurium............. Single crystal 6 .26* 
Thallium............. Solid 11.86 
Thallium............. Single crystal 11.7* 
Thorium.............. Solid 11.00 17 
Thorium.............. Single crystal 12.0* | 
DIiGsahae as Ohh aee ox ‘Solid, white tetragonal 7.29 20 
fh rer ear earner ee Solid, white rhombic 6.55 


AVN 5: aw cee aise he Ana aa Solid, gray 5.75 20 
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TaBLeE 2b-1. Density oF. THE ELEMENTS IN Soup. Form (Continued) 


! “Klement Physical state. | EBL = age P-- 
a g/em3 C 

Ns Ms we eee ‘+. |/White single crystal = %,30* “i 
Titanium............ .| Solid 45 18.:.. 
Titanium............ .,| Single crystal . 4,.58* a 
Tungsten........... a 19.3 
Tungsten............ (gS . 19.3* 223 
Uranium............6 at | 18.7 13 
Vanadium......... core — §.87 15. 
Vanadium.......... ‘, .| Single crystal . §.98* 7 
Yttrium........... ...| Solid : 3.8 . ee 2 
Zinc..................| solid, vacuo-distilled 6.92 ce.) eae 
Zinc............--. 0+] Solid : 4,32 273. 
Zinc................++,| Single crystal 7.04* eS ae 
Zirconium............. Solid 6.44 
Zirconium............5 Single crystal 6.47* 
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_ TaBLe 2b-2. Density. or Common Souips at 20°C* 


Sibeaaee Densive, | etal asin Density, 
g/cm? g/cm? 

DAVOS nt teed ne eaten wets cette 2.5-2.7 Gypsum.................. 2.31-2.33 
Amber ................... 1.06-1.11 | Hematite................. 4.9-5.3 
Anthracite................ 1.4-1.8 | Hornblende............... 3.0 
Aragonite................. 2.93 DOC erat eet hee A ice es 0.917. 
Asbestos.................. 2.0-2.8 fIvory..................... 1.83-1.92 
Basalt..........6..0..06.. /2.4-3.1 | Lava, basaltic.............| 2.8-3.0 
Beeswax.............0.... 0.96-0.97 | Lava; trachytic...... ich iets | eos Te 
BOry icc bees ated Be rages 2.69-2.7 : Leaner dry.. ax wie e's O86 
BONG 5 o44a5 obs as ae ee .{ 1.7-2.0 | Leather, proasede: ee ene 1.02 
Brick (ispaceken 3 baen gee ee heen 1 A=209 | Lime, mortar....... sheet tes abet 1.65-1.78 
Butter........... pe ae eal 0.86-0.87 | Lime, slaked............... 1.3-1.4 
CAlOit@iis 6 bicivne he ce he eee 2.71 limestone Eee aie odes cette 2.68-2.76 
Camphor.................. 0..99 | Magnetite................ .| 4.9-5.2 
Cauotchoric »............4 0.92-0.99 | Malachite... .. Ad bane ed here anced 3.7-4.1 
Celluloid.................. 1.4 Marble........ Aan cee 2.6-2.84 
Cement, (set).............. 2.7-3.0 | Mica.......... ste 2.6-3.2 
Calle ich ween dawee nes 1.9-2.8 Olivine................... 3.27-3 .37 
Charcoal, oak.............. 0.57 OPEB lsd iin ed esha oon 2.2 
Charcoal, pine Sco eee Tee 0.28-0.44 | Paper............0..000000.., 0.7-1.15 
Cinnabar. . comes Sensei Sun etaete | 8.12 | Paraffin ee eee eee 0.87-0.91 
6) hae ee ee en 1.8-2.6 |Pitch..................... 1.07 | 
Coal, soft Piha eee ee Bees 2 1.2-1.5 | Porcelain... -:2c0e0e026 2464 2.3-2.5 
Coke Se A aetna eee 1.0-1.7 PYTHE: ph locac a? Bh cd Bh | 4.95-5. 1 
COPK? ose tnas hanna’ 0.22-0.26 | Quartz........ Sik mish ae aineect 2 LOD 
Cork linoleum............. 0.55 }Resin............ 2.00. sae cd Ot:> 
Corundum....... eee eee | 3.94.0 Rock. salt. eee ee rer .| 2.18 
Dolomite.................. 2.84 Rubber, hard..............] 1.19 
Ebonite................... 1.15 Rubber, soft............... 1.1 
yO 62) 9h eee a 4.0 | Rutile......00..0..00.020.... 4.2 
Feldspar.............0..... 2.55-2.75 |Sandstone................. 2.19-2.36 
| 2 1c ee aren ce ee oe 2.63 DIALOG ooo kar ot eee wasted 2.6-3 .3 
Fluorite................... 3.18 Soapstone................. 2.6-2.8 
Garnets vo c5 ie biden ke etens 3.15-4.3 |Starch.................. ..| 1.53 
Vela Gans seh Ba ewig) 1.27 Sugar....... aa tana ita e es (1.61 
Glass, common............ 2.4-2.8 | ONG sy a oh Siena Seas ew oles .| 2.7-2.8 
Glass, flint................ 2.9-5.9 |Tallow.................. ...| 0.91-0.97 
GING yrs Pea eee aces 1.27 Vali ae vaseeevees< Pen ed 1.02 
Granite................... 2.64-2.76 | Topaz..............00.. .-| 3.5-3.6 
Graphite.................. 2.30-2.72 | Tourmaline................ 3.0-3.2 
Gum arabic............... 1.3-1.4 Wax, sealing.............. ; 1 8 


* The density varies with the state and previous treatment of the solids. The figures quoted may be 
considered reasonable limits (taken largely from ‘‘Smithsonian Physical Tables,” 9th ed.). 
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TaBLE 2b-3. Density or STEELS* 
(At room temperature) 


LL ee 


Composition 
Type of steel Pr Condition 
g/cm? 
%C | %Si| % Mn % C- 
Carbon steel........... 7.871)0.06 | 0.01 | 0.88 |................ Annealed at 1700°F 
Carbon steel........... 7.85910.23 | 0.11 | 0.635 |................| Annealed at 1700°F 
Carbon steel........... 7.844] 0.435| 0.20 | 0.69 j............ ....| Annealed at 1580°F 
Carbon steel........... 7.830/1.22 | 0.16 | 0.385 |.........-...6. .| Annealed at 1470°F 
Low-Cr steel........... 7.84 |0.31 |] .... | 0.74 | 1.00 Oil-quenched at 1650°F, tempered at 1350°F 
Low-Cr steel........... 7.84 |0.315| .... | 0.69 | 1.09 Annealed at 1580°F 
Low-Cr steel..:........ 7.83 |0.35 | .... | 0.24 | 1.56 Annealed by 1580°F 
Low-Cr steel........... 7.80 (1.73 | .... | 0.30 | 1.65 Annealed at 1580°F 
Low-Cr steel........... 7.82 10.80 | .... | 0.28 | 1.67 Annealed at 1580°F 
Low-Cr steel........... 7.82 |0.62 | .... | 0.22 | 1.67 Annealed at 1580°F 
Low-Cr steel........... 7.81 |0.98 | .... | 0.28 | 1.68 Annealed at 1580°F 
Low-Cr steel........... 7.84 |0.20 | .... | 0.14 | 1.85 Oil-quenched at 1650°F, tempered at 1380°F 
Low-Cr steel........... 7.82 |0.22 | .... | 0.10 | 2.80. Oil-quenched at 1650°F, tempered at 1380°F - 
Low-Cr steel........... 7.81 (0.21 | .... | 0.19 | 3.88 Oil-quenched at 1650°F, tempered at 1380°F 
Low-Cr steel......... ..17.79 |0.30 | .... | 0.08 .| 5.54 Oil-quenched at 1650°F, tempered at 1380°F — 
Low-Cr steel........... 7.845|0.35 | .... | 0.59 | 0.88-+ 0.20 Mo /| Annealed at 1580°F, tempered at 1185°F = 
% Ni 
Low-alloy Ni-Cr steel...| 7.85 [0.33 | .... 0.53 | 0.80 3.38 Annealed at 1580°F, tem- 
. pered at 1185°F 7 

Low-alloy Ni-Cr steel...| 7.85 | 0.325) .... | 0.55 | 0.71 3.41 Annealed at 1580°F,” tem- 

og. am pered at 1185°F. 
Low-alloy Ni-Cr steel...|7.92 [1.28 | .... | 0.24 | 1.80 3.46 Brine quenched at 2190°F 
Low-alloy Ni-Cr steel...| 7.82 [1.28 | .... | 0.24 | 1.80 3,46 Annealed at 1435°F 
Low-alloy Ni-Cr steel. ..| 7.855 |0.325| .... | 0.55 |0.17_ 3.47 Annealed at 1580°F 
Low-alloy Ni-Cr steel. ..| 7.835} 0.51 | .... | 0.22 1.72 3.52 Annealed at 1435°F — 
Low-alloy Ni-Cr steel. ..|.7.86 |0.34 | .... | 0.55 | 0.78 3.53 + 0.39 Mo| Annealed at 1580°F, tem- 

; pered at 1185°F 
> | ool % Cr | % Nil % Mol % Zr| % Ti| % Cul % Mn Condition - 


ee ff Of Sf | ff eee 


Wrought stainless and 


heat-resisting steels...| 7.93 | 0. 10 | 18 9 
Wrought stainless and 

heat-resisting steels...| 7.93 | .... | 18 9 0.5 
Wrought stainless and 

heat-resisting steels...| 7.98 | .... | 23 13 
Wrought stainless and 

heat-resisting steels...) 7.98 | .... | 25 20.5 
Wrought stainless and 

heat-resisting steels...| 7.98 | .... | 17 12 2.25 
Wrought stainless and 

heat-resisting steels...| 8.02 | .... | 18 10.5 
Wrought stainless and a 

heat-resisting steels...| 7.75 | .... | 12.5 
Wrought stainless and 

heat-resisting steels...) 7.73 | .... | 13 [...-.- 0.5 


ie RN ee 
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TABLE 2b-3. Density or Streets (Continued) 


Composition 
Type of steel Ps Condition 
g/em3| 
%C | %Cr| ZNi|% Mo| % Zr} % Ti| %Cul| % Mn 
Wrought stainless and 
heat-resisting steels...| 7.70 13 
Wrought stainless and 
heat-resisting steels...| 7.70 16 
Wrought stainless and 
heat-resisting steels...| 7.68 Ws (oad 0.6 
Wrought stainless and Z 
heat-resisting steels...| 7.60 25 
Wrought stainless and ; 
heat-resisting steels...| 7.77 17.88 |...... 8.26 
Wrought stainless and 
heat-resisting steels...| 7.76 17.85 |...... . | 10.48 
Wrought stainless and : 
heat-resisting steels...| 7.91 18.40 | 4.07 0.78 ; 5.33 
Wrought stainless and 
heat-resisting steels...| 7.90 18.50 | 4.06 6.79 
Wrought stainless and 
heat-resisting steels...| 7.78 18.04 | 2.06 7.90 
Wrought stainless and 
heat-resisting steels...| 7.77 17.70 |...... 0.68 | 9.40 
n %Wi%Cri ZV 1|%Mo!} %Co| %C - Condition 
g/cm? 
Tool steel. .........c cece eee 8.67 | 18 4 1 
TO0b SteGl 7 saicdcks Gav beeeess 8.67 | 18 4 2 
Tool steel. ............ 000008 7.925 1.64 | 3.68] 1.00} 8.24 |....... 0.80 | Quenched at 2200°F 
Tool steel. ...............006. 7.93 5.20 | 4.60} 4.00; 4.11 |....... 1.32 | Hardened : 
Tool steel. .............000005. 7.76 | ..... 4.39| 4.10 | 7.75 |....... 1.20 | Hardened 
Tool steel... ................- 8.89 | 20 4 “2 12 .... | Annealed 
Tool steel. ......... cece eee 8.68 | 18 4 1 Sie 5 Annealed 
Tool steel. ......... 0.000 e eee 8.16 | 6 |...... 2 S| Veber: Annealed 
Tool steel. .......... 2c cece ees 7.88 LS secs 1 8 
% Ni | % All %Co}] %Cu 
Permanent-magnet alloys....... 6.892 | 20 12 — § ra Corres Alnico 
Permanent-magnet alloys....... 7.086 | 17 10 12.5 BO." Waser Cast Alnico 
Permanent-magnet alloys....... 
Permanent-magnet alloys....... 5 
Permanent-magnet alloys....... 24 3 
Permanent-magnet alloys....... 35 i ae eee 8% Ti 


Miscellaneous ferrous alloys. .... 
Miscellaneous ferrous alloys..... 8. 
Miscellaneous ferrous alloys... .. 
Miscellaneous ferrous alloys... . . 
Miscellaneous ferrous alloys..... 


aereseee 


oo eeeove 


eee we ee 


Quenched at 1740°F | 
Invar 

Radio metal 

Hipernik oy 

Austenitic manganese steel. 
Air-cooled at 1920°F 
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TABLE 2b-4. DeNsITy oF ALUMINUM :ALLOYS* 
(At 20°C) | 


p> | o Al| % Mn| % Col % Pb| % Bi| % Mg| % Si| % Ni| %-Cr| % Zn 


g/cm? 


wn | ee mene nr mie a f merece | er RD 


Material . 


Wrought alloys: 
Pure aluminum. .|2.6989/99. 


(Commercially 
pure Al) 28...|2.71 |99.0+ 
SS s.6.ssh oes dhe ded 2.73 |98.8 1.2 
TAS Bice beam ttactn es 2.82 (93.5 ot, S iLO 0.5 0.5 |. | 
hs 9 by Sere eee 2.81 |93.8 0.6 4.0 0.5 0.5 0.6 
TAS ets erie tee x 2.80 |93.6 0.8 4.4 .. |: 0.4 0.8. 
R-30I (clad)..... 2.78 |93.3 0.8 4.5 0.4 1.0 
178 seeded occas 2.79 (95.0 0.5 4.0 0.5 , 
TSB ook eo Seca 2.80 |93.5 wa 4.0 0.5 4 .0 
DAS» ate ckottce ios 2.77. |93.4 0.6 4.5 1.5 : 
209% is eee ee 2.79 |93.9 0 4.5 ee 0.8 
Baie exceed eeu ake 2.69 |84.7 0.9 1.0.| 12:5 0.9 
ADLS. ccc wees 2.69 (98.15 0.6 1.0 0.25 
620k. cies Moe eos 2.68 |97.25. 2.5 a 0.25 
Babe. ck desetes a4 2.69 197.75 1.3 0.7 0.25 
56S 2.64 . |94.6 0.1 a Diet Heated 0.10- 
618% s3.cc need 2.70 |97.9 0.25 1.0 0.6 0.25 
TOS is oak tne 2.80 |90.0 0.20 | 1.5 2.5 0.30 5.5 
R-303.......... 2.82 (|89.9 1.2 2.5 6.4 


Material | | % Al) % Mn| % Mel % Cul % Zn| % Cr] % Si | % Ni} % Bil % Sn) % Ti 


ny Sec (SCCRNSCREEEEn [pane InnIIE! [pina nen Si ne ce EEEninaeentl [euttmmneestemenmemeent! titmemmmenmnnement (eenimmnemmneesl tenmmemememmnen! (inner 


13 alloy...... 2.66 | 88 12 

43 alloy...... 2.69 | 95 oe 5 

85 alloy...... 2.78 | 91 4 5 

108 alloy..... 2.79 | 93 og 3 

Alleast....... 2.76 | 92 3 5 

A108 alloy....| 2.79 | 90 4.5 |... 5.5 

113 alloy..... 2.91:| 89.3 7 1.7 2 

C113 alloy....| 2.91.| 89.5 7. 8.5. 

122 alloy..... 2.95 | 89.8 0:21 10 : |. 5 ae 

A132 alloy....| 2.68 | 83.5 1.2] 0.8 12 

Red X-13..... 2.7 | 85.1} 0.7 |o O“:7 1.5 12 

142 alloy.. 2.81 | 92.5 1.5 4 

195 alloy..... 2.81 | 95.5 Sy 4.5- 

B195 alloy....| 2.78 | 93.0 a 1 a5 2.5. 

214 alloy.....| 2.65 | 96.2 3.8 

A214 alloy....| 2.65 | 94.4] ... 3.8 1.8 

218 alloy..... 2.53 | 92.0] ... 8 

220 alloy..... 2.58 | 90.0 ].... | 10 ; 

319 alloy..... 9:77 10005) 365 bese 3.5 6 

355 alloy.....| 2.70 | 98.2 | ... 0.5 | 1.3 5 

356 alloy..... 2.68 | 92.7 ih 0.3 7 

Red X-8.....| 2:73 | 89.9 | 0.3 0.3] 1.5 8 

360 alloy..... 2.68 | 90.0 0.5 |.... 9.5 

380 alloy.....| 2.76:| 88.0 | ... pis 3.5 - 8.5 5% 
750 alloy..... 2.89 | 91.5 sek 1.0]... ian eae oe | OB PO 
-40E alloy..... 2.81 | 93.2| ... 0.6!|.... | 58.5 | O65 fo... fae | cor | ee | OF 
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TABLE 2b-5. DENSITY OF CoBaLt ALLoys* 


Material % Cr 


TST EERE nn, en, es a, es ee en 


Pure cobalt........... 8.9 100 


61 alloy (cast)......... 8.54 70.0 | 5.0 

Vitallium............. 8.30 | 65.0 

X-40 alloy............ 8.61 60.0 | 7.0 

422-19 alloy........... 8.31 55.0 

S-816 alloy........... 8.59 | 50.0); 4.0 3.0 
C059 esas cde ean eos 8.21 39.0 
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DENSITY OF SOLIDS 2--29 


“TasBLp 2b-7. Density or Leap ALLOYS* 


_. Material : ee s| %Pb | % Ca} %S8b | % Sn | % As| % Co 


Pure lead.............. 11.34 | 99.73 
Chemically pure lead....| 11.34 oe 
Cable-sheath alloy...... 11.34 | 99.8 0.028 | 2 | 
1% antimonial lead..... 11.27} 99.0 | ..... 1.0 
Hard lead.............. 11.04 | 96.0 ee 4.0 . 
Hard lead.............. 10.88 | 94.0 | ..... 6.0. 
8% antimonial lead..... 10.74 | 92.0 |..... 8.0 
Grid metal............. 10.66 | 91.0 | ..... 9.0 
ASTM-12 bearing metal.| 10.67 | 90.0 | ..... 10.0 . 
ASTM-11 bearing metal.| 10.28 | 85.0 | ..... 15.0 | 
Lead-base babbitt....... 10.24 | 85.0 | ..... 10.0 |: 5.0 
G lead-base babbitt..... 10.1 |; 88.0 |..... 12.75 | 0.75 | 3.0 
S lead-base babbitt. .... 10.1 | 83.0 |..... 15.0 | 1.0 | 1.0 
ASTM-10 bearing metal.| 10.07 | 83.0 |...... 15.0 | 2.0 - 
Lead-base babbitt...... 10.04 | 80.0 | ..... 15.0 5.0 
Lead-base babbitt...... 9.73 | 75.0 15.0 | 10.0 
ASTM-6 bearing metal..| 9.33 | 63.5 | ..... 15.0 | 20:0 1.5. 
Tin-lead solder......... AYO 1:95,0° 4 vance busnes 5.0 | 
BM acca ; : sos aPlating tc axils eae 20.0 
seated!’ “SeBO ) OOO. jl! dsceud 4 acai 50.0 
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TaBLE 2b-8. Densiry or MaGnestum ALLoys* _ 


Material F Te % Mg! % Ali|% Mn| % Zn| % Sn 7 Remarks 
Magnesium...| 1.74 | 99.8 | | | 
Al0 alloy..... 1.81 | 89.9 | 10.0 | 0.1 ... |... | Wrought, sand cast, and 
permanent-mold cast 
AZ91 alloy....| 1.81 9.0 | 0,2 0.7 Die cast 
AZ92 alloy....| 1.82 9.0 | 0.1 2.0 |°... |Sand cast and perma- 
| 7 nent-mold cast. 
A8 alloy...... 1.80 8.0 | 0.2 Sand cast 
AZ61X alloy. .| 1.80 6.0 | 0.2 | 1.0 Wrought 
AM244 alloy. .| 1.76 4.0 | 0.2 Sand cast 
AM11 alloy... .| 1.70 1.25] 1.. ba Die cast. 
AZ80X alloy. .| 1.80 8.5 | 0.15 | 0.5 Wrought 
AZ63 alloy.....| 1.84 6.0 | 0.2 | 3.0 | ... | Sand cast | 
AZ51X alloy. .| 1.79 | 5.0 | 0.25} 1.0 | ... | Wrought 
AZ31X alloy..| 1.78 3.0 | 0.3 1.0 Wrought 
it oper nano WeGO ue itor Pye oad 1.5 | Wrought. 
PAGS fic ads 1.84]... 3.0 | 0.5 5. 0 Wrought 
Mg-Al alloy...| 1.75 | 98.0 | 2.0 
Mg-Al alloy...| 1.77 | 96.0 | 4.0 
Mg-Al alloy...| 1.78 | 94.0 | 6.0 
Mg-Al alloy...| 1.80 | 92.0 | 8.0 
Mg-Al alloy...| 1.81 | 90.0 | 10.0 


Mg-Al alloy...} 1.82 | 88.0 | 12.0 
* ‘* Metals Handbook,” 48th ed., American Society for Metals. 
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TABLE 2b-9. Densiry or NicKEL ALLOYSs* 


Material eas % Ni| %Co! %Si| %Mn| %C | %Al| %Cu| % Fe| %Mo|%Cr| %W 
Nickel ciejse3/ien Sea teeec 8.902 | 99.95 
A nickel. ................- 8.885 | 99.4 
Cast nickel................ 8.34 | 97.0 1.5 | 0.5 | 0.5 
D nickel.................. 8.78 | 95.2 4.5 
Znickel.............00006- 8.75 | 94 * uae a wees | 4.5 
Monel............000ce0e 8.84 | 67 , mae 1.0 | 0.15] ... 30 1.4 
Cast monel................ 8.63 163 1.6 ngs 110i 32 
K monel.................- 8.47 | 66 a eee site ee 29 
S monel................-- 8.36 | 63 es 4 od. Ul Sadie = 30 | 2 
Hastelloy A............65- 8.80 | 60° iP ge" 1 20 20 
Hastelloy B............... 9.24 | 65 5 30 
Hastelloy C............... 18.94 | 58 : ae ei secs Pen ate a 5 17 15 5 
Hastelloy D............... 7.8 85 re 8-11 ies ee es 3 
Tn G vi ooh ab eeadas 8.58 | 58 fi ney aden OER: ates 6 6 6 | 22 
Inconel...............064- 8.51 | 80 eg (|W eee I” tee oA acre I See he, ack 6 | .. [4 © 
Cast Inconel.............. 8.3 177.5 | .. | 2 sie, Mieke Mh daleus os 6 .. | 18.5 
Chromel A................ 8.4 | 80 = De the Perera tare a ee es 20 
Nichrome................. 8.25 | 60 24 16 
Chromax.................| 7.95 | 35 ae was oe qa ites Pagid ae 50 15 
Constantin (wrought)...... 8.9 |45— aft — shoes Wetec ae ht ADO 
Ni-Fe alloys............... 8.8 90 Pe ine ee one eee oh 10 
Ni-Fe alloys............ -...| 8.6 °| 80 me phe Sate ee er ae 20 
Ni-Fe alloys..............] 8.5 70 ae ee ign Beit Hs Soa ce 30 
Ni-Fe alloys............... 8.35 | 60 - re aa ere ane .. | 400 
Permalloy................. 8.6 |78 a ere Beige Il Sessa. All| aso .. | 22 
Numetal................ ..| 8.6 76 ui deg eae ore eee 6 | 16 2 


* “Metals Handbook,’’ 48th ed., American Society for Metals. 


TABLE 2b-10. DeNsiTy oF Zinc ALLOoyYs* 


Material Sean % In| % Al| % Cul % Mg | % Pb| % Cd 
TMC fain sas 8ae ea cle Baek 7.133 | 100 
Zamak (2)..........000 eee ee 6.7 92 4 3 0.03 
Tame GB) oon oak oe sAaGe wes 6.6 95 A 0.04 
Zamak (5).........000 ce eee | 6.7 94 4 1 0.04 
SAE 63, T-11 (cast).......... 6.9 86 4 10 
Commercial rolled zinc....... 7.14 99 0.08 
Commercial rolled zinc...... .| 7.14 99 a ive .... | 0.06 | 0.06 
Commercial rolled zinc....... 7.14 99 de - .... | 0.38 | 0.3— 
Zilloy 40 (rolled)............. 7.18 98 | .. 1 .... | 0.08} 
Zilloy 15 (rolled)............. 7.18 98 ig 1 0.01 | 0.1 | 
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TaBLE 2b-11. Densrry or Woops (OvEN-pRy)* | 


Common name / Botanical name 
ita or wild ee ee ede he Pyrus malus 
Ash, black. . tee eeeeeseeee...| Fraxinus nigra 
ASH; DIVO \e0 cS s.2o bad CAG ee Outs Frazinus quadrangulata 
Ash, green.............. 00000008: Frazinus pennsylvanica lanceolata 
ASL WHE i 3 aloe banas maar | Fraxinus americana 
ASPCR oink ba ee Mesee Populus tremuloides 
Aspen, large-toothed..............| Populus grandidentata 
Balsa, tropical American.......... Ochroma » 
Basswood. :.............00000000- Tilia glabra or Tilia americanus 
DO CCh iae ioe bina a owe where ture ate beans Fagus grandifolia or Fagus 
americana 

Beech, blue......................| Carpinus caroliniana 
Birch OTBy sis 5 od Be eS Meee Betula populifolia 
Bitch; DADC! cs csascdeodwemnsece Betula papyrifera 
Birch, sweet..................05- Betula lenta 
Birch, yellow.................... Betula lutea 
Buckeye, yellow.................. Aesculus octandra 
Butternut.................. .....| Juglans cinera 
Cedar, eastern red................ Juniperus virginiana 
Cedar, northern white.......:....| Thuja occidentalis 
Cedar, southern white............ Chamaecyparis thyoides 
Cedar, tropical American.......... Cedrela odorata 
Cedar, western red............... Thuja plicata 
Cherry; black 23.40 s4:04 c00si6 eelads Prunus serotine 
Cherry, wild red................. Prunus pennsylvanica 
CHeSONt ec jocuri sinatesae teas ‘....| Castanea dentata 
Corkwood...............000. ....| Lettneria floridana 
Cottonwood, eastern.............. Populus deltoides 
Cypress, southern............ ....+ Taxodium distichum 
Dogwood (flowering)........... ...| Cornus florida 
Douglas fir (coast type)......... ..| Pseudotsuga tazifolia 
Douglas fir (mountain type).......| Pseudotsuga taxtfolia 
Ebony, Andaman marblewood ; , 

(India). . ii weeeeeee | Diospyros Kurzit 
Ebony, Ebene marbre (Mauritius, a 

East Africa).........0......005- Diospyros melanida 
Elm, American........... Ned ss tens Ulmus americana 
Pili, TOC in coh os Oe Bear teak eoneokie Ulmus racemosa or Ulmus thomasi 
Elm, slippery.................006 Ulmus fulva or Ulmus pubescens 


Eucalyptus, Karri (west Australia) .| Eucalyptus diversicolor 
Eucalyptus, mahogany (New South 


WOlCS) cout seh hg tte ee tes Eucalyptus hemilampra 
Eucalyptus, west Australian ma- 

NOPONY soi nade tA caw eee ee Eucalyptus marginata 
Bir, balsam. (4.4465 yssad< Hao 5 Abies balsamea 
Pig, sUv@ivct 2 onwsk cc Pe eee < Abies amabilis 
Greenheart (British ene): ..| Nectandra rodioci 


See page 2-33 for faciietee, 
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TABLE 2b-11. Density oF Woops (OvEeNn-pRy)* (Continued) 


-.Common name : Botanical name. } (pe, g/cm? 


Gum, DISC ciias wha bots Bee ees Nyssa. sylvatica 0.552 
Gum, DWGssi.ncieh cdo ee ieecet Eucalyptus globulus 0.796 
Gum, red..............0.545..-+.| Liguidambar styraciflua 0.530 
Gum, tupelo..... eee ....| Nussa aquatica 0.524 
Hemlock, eastern.................| Isuga canadensis 0.431 
Hemlock, mountain............... Tsuga martensiana 0.480 
Hemlock, western.........:...+...| Tsuga heterophylla 1 0.432. . 
Hickory, bigleaf shagbark......... Hicoria laciniosa |-0.809 
Hickory; mockernut..............| Htcorta alba 0.820 
Hickory; pignut....... Sei Guyer Hicorta, glabra 0.820 
Hickory, shagbark................ Hicoria ovata 0.836 
Hornbeam................. .......| Ostryra virginiana 0.762. 
Ironwood, black..................| Rhamnidium ferreum 1.077 | 
Jacaranda, Brazilian rosewood..... Dalbergia nigra 0.85 . 
Larch, western.............00000- Larix occidentalis ~—60.587 
Locust, black or yellow........... Robinia pseudacacia 0.708 
Locust, honey...............4..+..| Gleditsia triacanthos 0.666. 
Magnolia, cucumber............. .| Magnolia acuminata 0.516 
Mahogany (West Africa)..........| Khaya worensis 0.668T 
Mahogany (East India)...... .....| Swietenia macrophylla 0.54f 
Mahogany (Hast India)...........} Swietenta mahogant | 0.54T 
Maple: bisek: .4.13.24-2095 228 eee Acer nigrum 0.620. 
Maplexréd< ccc x cach evans eee |: Acer rubrum 0.546 
Maple, silver........... igre aana td |. Acer saccharinum 0..506 
Maple, sugar............ 3 ac3..| Acer saccharum ‘| 0.676 
Oak, blacks.¢ 4125 2scereavens i..t Quercus velutina 0.669 
Oak, DUrse win casera: -..,.| Quercus macrocarpa 0.671 
Oak, canyon live............. ....| Quercus chrysolepsis | 0.838 
Oak, chestihut..............4.....{ Quercus montana | 0.674 
Oaks laiirels i.+-22.24:09 sede aoe | Quercus laurtfolia 0.703 
Oak, live.:...... 0.0.2.0. eee eee | Quercus virginiana 0.977 
Oak, PIA Gadde epee i... ete | Quercus palustris | 0.677 
Oak POSUs siya & trees. eee Oo Quercus stellata or Cues minor | 0.738. 
Oa Odo! ein Ce ee Ba nee 2. .} Quercus borealis 0.657 
Os Carlet. cxinat ed Sateen Quercus coccinea. : 0.709 - 
Oak, swanip chestnut....... eee. | Quercus prinus | 0.756 
Oak, swamp white. tes stele ....| Quercus bicolor or Quercus -0.792 . 
platanoides — 
Oak, shite Loe a Ss oa etoud eee eesti en} Quercus alba 0.710 | 
Persimmon..... eee eee e cesses «| Diospyros virginiana 0.776 
Pine, eastern white............... Pinus strobus : 0.373 
Pin; (Aek: 5. whence ab sate ew o4 | Pinus banksiana or Pins 0.461 
divaricata 2 om 
Pine, loblolly............. eens | Pinus taeda 0.593 
Pine, longleaf...............---- .| Pinus palustris 0.638. 
Pine, pitch................--+.:.| Pinus rigida 0.542 
Pine, red.i.................+-+00| Pinus -restnosa an | 10.507 —.. 


See page 2-23 for footnotes. 
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TaBLE 2b-11. Density or Woops (OvEN-pRr)* (Continued) 


Common name 


Pine, shortleaf..............0.00. , 


Poplar, balsam................... 


Poplar, yellow..... bier ani Ravenntaaton 
Redwood................0000000- 


Spruce, black............. ideee 


DPPFUCE TOG 1.6 hoe de adage aeeed een 
Spruce, white....... sda vad aus ets 
Sycamore........... See eae anes 
PAMALACK 3 opie rise sagisteyl pd ewes 
Teak (India)....... hats eos hate oe 
Walnut, black............ ei Od Baer 


Willow, black......... ange e ees is 


* ‘‘ Handbook of Chemistry and’ Physics,’ 


¢ Air-dry. 24 


Botanical name 


Pinus echinata ~~ 

Populus balsamifera or Populus 
candicans 

Liriodendron tulipifera 

Sequoia sempervivens 

Sassafras variafolium 

Chloroxylon swietenia 

Oxydendrum arboreum 

Picea mariana 

Picea rubra or Picea rubens | 

Picea glauca | 

Platanus occidentalis 

Lariz laricina or Lariz americana 

Tectona grandis 

Juglans nigra i 

Salix nigra 


" 30th ed. 
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TaB.Le 2b-12. Density oF Puastics* 


p, g/cm? 
Resin group and subgroups |_— Trade names Tower | Uoey 
limit | limit 
Acrylate and methacrylate...... -....| Lucite, Crystalite, Plexiglas | 1.16 1.20 
Casein... 2.0... eee eee ........| Ameroid 1.34 | 1.35 
Cellulose acetate (sheet)............ Bakelite, Lumarith, Plas- 1.27 1.60 
tecele, Protectoid 
Cellulose acetate (molded).......... Fibestos, Hercules, Nixonite, | 1.27 | 1.60 
Tenite | - 
Cellulose acetobutyrate............. Tenite IT 1.14 | 1.23° 
Cellulose nitrate................... Celluloid, Nitron, Nixonoid, | 1.35 1.60 
| | Pyralin | | 
Ethyl cellulose................ .....| Ditzler, Ethocel, Ethofoil,{| 1.05 | 1.25 


Lumarith, Nixon, Hercules 
Phenol-formaldehyde compounds: _ | 
Wood-flour-filled (molded)........ Bakelite, Durez, Durite, 1.25 | 1.52 
_ | Micarta, Catalin, Haveg, | 
Indur, Makalot, Resinox, 
Textolite, Formica 
Mineral-filled (molded)........... Bakelite, Durez, Durite, 1.59 2.09 
Micarta, Catalin, Haveg, 
Indur, Makalot, Resinox, 
Textolite, Formica : 
Macerated-fabric-filled (molded). ..| Bakelite, Durez, Durite, | 1.36 1.47 
Micarta, Catalin, Haveg, 
Indur, Makalot, Resinox, 
Textolite, Formica 
Paper-base (laminated)........... Bakelite, Durez, Durite, 1.30 1.40 
Micarta, Catalin, Haveg, 
Indur, Makalot, Resinox, 
Textolite, Formica 
Fabric base (laminated).......... Bakelite, Durez, Durite, 1.30 1.40 
Micarta, Catalin, Haveg, 
Indur, Makalot, Resinox, 
Textolite, Formica 


Cast (unfilled)................-.- Bakelite, Catalin, Gemstone, | 1.20 | 1.10 
~Marblette, Opalon, Prystal 
Phenolic furfural (filled)............ Durite 1.3 2.0 
Polyvinyl acetals (unfilled).......... Alvar, Formvar, Saflex, 1.05 1.23 
Butacite, Vinylite X, etc. 
Polyvinyl acetate................-. Gelva, Vinylite A, etc. 1.19 (?) 
Copolyviny] chloride acetate........ Vinylite V, etc. 1.34 1.37 
Polyvinyl chloride (and copolymer) 
plasticized...............2-00000- ‘Koroseal, Vinylite 1.2 1.7 
Polystyrene..............-.00+005- Bakelite, Loalin, Lustron, 1.054 | 1.070 


Styron | 


* ‘Handbook of Chemistry and Physics,”’ 30th ed., p. 1282. 
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TaBLE 2b-12. Density or Puastics (Continued) 


P, g/ cm? 

Resin Broup and subgroup | Trade names | Meawar'l Upper 

a limit | limit 
Modified isomerized rubber......... Plioform, Pliolite 1.06 (?) 
Chlorinated rubber.................| Torneseit, Parlon 1.64 (?) 
Urea formaldehyde.................] Bakelite, Beetle, Plascon 1.45 1.55 
Melamine formaldehyde filled....... Catalin, Melmac, Plaskon 1.49 | 1.86 
Vinylidene chloride................. Saran, Velon 1.68 1.75 


- Tasie 2b-13. Densrry or RusBBERS* 


Rubber; raw polymer _ Trade Name At 25°C 
Natural rubber........................ Hevea = 9.92 
Butadienestyrene copolymer............].........2-008- Eiki ils 0.94 
Butadieneacrylonitrile copolymer........).........-000eereeee 1.00 
Polychloroprene (neoprene)... ......... 0). 0.00 e cece eee eee 1.25 
Isobutylenediolefin copolymer | 
(butyl)... Se eat tsticeedelise eaten seit dal aes seal Bes as el 0.91 
Alkylene polysulfide...........0..0. 0.000. [oc ccc cece te ee eee 1.35 


* ‘Handbook of Chemistry and Physics,’’ 30th ed., p. 1282. ' 


2c. Centers of Mass and Moments of Inertia 
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Brown University 
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10. 


11. 


TABLE 2c-1. CENTERS oF Mass* 


Body 


. Uniform circular wire of radius R, 


subtending angle 20 at center | 


. Uniform triangular sheet 
. Uniform rectangular sheet 
. Uniform quadrilateral sheet 


. Uniform circular sector sheet of radius 


R subtending angle 26 at center of 
circular arc 


. Uniform circular segment sheet of 


radius FR, subtending angle 26 at 
center of circular arc and length of 
chord equal to 1 = 2R sin @ 


. Uniform semielliptical sheet, major 


and minor axes of equivalent ellipse 
equal to 2a and 2b, respectively 


. Uniform quarter-elliptical sheet, major 


and minor axes of equivalent ellipse 
equal to 2a and 2b, respectively 


. Uniform parabolic sheet segment. 


Chord = 2] perpendicular to axis of 
symmetry distant h from vertex 


‘Right rectangular pyramid (rectan- 


gular base with sides a and b and with 
height h) 
Pyramid (general) 


Center of Mass 

On axis of symmetry distant (RF sin 0) /6 
from center 

At intersection of the medians 

At intersection of the diagonals 

From each vertex lay off segments equal 
to = the length of the corresponding 
sides meeting at this vertex. Draw ex- 
tended lines through the ends of the 
segments associated with each vertex, 
respectively. These intersect to form 
a parallelogram. The intersection of 
the diagonals of this parallelogram is 
the center of mass of the quadrilateral 

On axis of symmetry distant (2R sin 6) / 
36 from center 


On axis of symmetry distant /?/12.A from 
center, where A = area of segment 
_ R*(2 6 — sin 2 6) 
— 2 
On axis of symmetry distant 40/32 from 
center of equivalent ellipse if the semi- 
ellipse is bounded by minor axis. The 
distance is 4b/3m if the semiellipse is 
bounded by the major axis 
At point 4b/3r above major axis and 
4a/3x above minor axis 


On axis of symmetry distant 3h/5 from 
vertex 


On axis of symmetry distant h/4 from 
vertex 


On line joining apex with center of sym- 
metry of base at distance three-quarters 
of its length from apex 


* For definition see Sec. 2a-4. All bodies cited are homogeneous rigid bodies, 
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12. 


13. 


14. 


15. 


16. 


17. 


18. 
19. 


20. 


21. 
22. 


23. 
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TABLE 2c-1. Centers or Mass (Continued) 


Body 
Frustum of pyramid with area of 
larger base S and smaller base s, and 
altitude h 


Right circular cone (height h) 


Frustum of right circular cone (alti- 
tude h, radii of larger and smaller 
bases F and 1, respectively) 


Cone (general) 


Frustum of cone with altitude h and 
radii of larger and smaller bases R 
and r, respectively 


Spherical sector of radius R, with 
plane vertex angle equal to 20 


Hemisphere of radius R 


Spherical segment of radius R and 
maximum height from base equal to h 


Octant of ellipsoid with semiaxes a, b, 
c, respectively, and center of corre- 
sponding ellipsoid at origin of system 
of rectangular coordinates | 

Paraboloid of revolution with altitude 
hand radius of circular base equal to R 


Uniform hemispherical shell of radius 


R (excluding base) 
Conical shell (excluding base) 


Center of Mass 
On line joining apex of corresponding 
pyramid with center of symmetry of 
larger base and distant 
h(S +2 VSs + 3s) 
A(S + V/Ss + 8) 
from the larger base 
On axis of symmetry distant h/4 fron 
base gs 
On axis of symmetry distant 
AUR + 1)? + 2r?] 
4{(R +r)? — Rr] 
from the base 
On line joining apex with center of page 
at distance three-quarters of its length 
from apex 


Qn line joining apex of corresponding cone 


with center of larger base and distant 
ALR + 1)? + 2r7] 
4[((R + 7)? — Rr] 
from the larger base | 
On axis of symmetry distant 


3h (1 + cos 6). 


from the vertex 
On axis of symmetry distant 3R/8 from 
center of corresponding sphere’ 
h(4R — h) 
4(3R — h) 
above the base of the segment 
Point with coordinates : 


On axis of symmetry distant. 


Bek ace 

8 

On axis of symmetry distant h/3 from the 
base 

On axis of symmetry distant R/2 from 
center of corresponding sphere 

On line joining the apex with the center of 
symmetry of the base at distance two- 
thirds its length from the apex 
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TABLE 2c-2. MOMENTS OF INERTIA* 


Body 


Uniform rectangular sheet of 
sides a and b 

Uniform rectangular sheet of 
sides a and b 


Uniform circular sheet of 
radius r 

Uniform circular sheet of 
radius r 

Uniform circular ring sheet. 
Radii T1 and T9 

- Uniform circular ring sheet. 
Radii r:; and re 

Uniform thin spherical shell, 
mean radius r 

Uniform cylindrical _ shell, 
radius 7, length 

Right circular cylinder of 
radius r, length / 

Right circular cone, altitude 
h, radius of base r 

Spheroid of revolution, equa- 
torial radius r 

Ellipsoid, axes 2a, 2b, 2c.... 


Uniform thin rod.......... 


Rectangular prism, dimen- 
sions 2a, 2b, 2c 
Sphere, radius7........... 


Rectangular parallelepiped, 
edges a, b, andc 


Right circular cylinder of 
radius r, length / 


Spherical shell, external ra- 
dius ri, internal radius r2 

Hollow circular cylinder, 
length l, external radius 71, 
internal radius r2 

Hollow circular cylinder, 
length 1, radii r1 and r2 


Axis 
Through the _ center 
parallel to b 
Through the _ center 


perpendicular to the 
sheet 

Normal to the plate 
through the center 
Along any diameter 


Through center normal 
to plane of ring 

A diameter 

A diameter 

Longitudinal axis 

Longitudinal axis 

Axis of the figure 

Polar axis 

Axis 2a 

Normal to the length, 
at one end 

Normal to the length, 
at the center 

Axis 2a 

A diameter 

Through center per- 
pendicular to face ab 
(parallel to edge c) 

Through center per- 
pendicular to the axis 
of the figure 


A diameter 


Longitudinal axis 


Transverse diameter 


Moment of inertia 


(b? + c?) 


mm —-- 


3 


2 (ri° — re?) 
5 (713 = 193) 
2 2 
ns (ry z 12”) 


71? + ed [2 
de ( 4 12 


* For definitions see Sec. 2a-5; m = mass of body. All bodies are homogeneous. 
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TABLE 2c-2. MomENtTsS OF INERTIA (Continued) | 


Body 


Hollow circular cylinder, 
length I, very thin, mean 
radius r | 

Right elliptical cylinder, 
length 2a, transverse axes 
2b, 2c 

Right elliptical cylinder, 


length 2a, transverse axes 


2b, 2c 
Frustum of right circular 
cone with radii of larger 
and smaller bases, equal to 
R and r, respectively 
Right circular cone, radius of 
base r, altitude h 


Hemisphere of radius r 


Spherical sector of radius r, 
with plane angle at vertex 
= 20 | 

Spherical segment of radius 
rand maximum height h 

Torus or anchor ring mean 
radius R, radius of circular 
cross section r | 

Torus mean radius R, radius 
of circular cross section r 


2d. 


Axis 


Transverse diameter . 


Longitudinal axis 2a 
through center of 
mass 

Transverse axis 2b 
through center of 
mass 

Axis of symmetry 


Perpendicular to axis 
of symmetry, through 
center of mass 

Axis of symmetry 


Axis of symmetry 
through vertex 


Axis of symmetry per- 
pendicular to base — 
Axis of symmetry per- 
pendicular to plane of 

ring 
Axis of symmetry in 
plane of ring 


DUDLEY D. FULLER 


Columbia University 


Moment of inertia 


= 


2 
27 
AOE) 
4 

c? , @ 
ae ay 
3m(R5 — r5) 
10(R3 — r3) 
3m h? 
oo (+z) 
2mr? 
~~ 
mr2(1 — cos 6)(2 + cos 6) 

5 
(+ - rh 4 Bht 2h 
T 30 (8r — h) 


m(4R? + se 
4 


m(4R? + 5r?) 
8 


Coefficients of Friction 


2d-1. Static and Sliding Friction. 


All surfaces encountered in experience are more 


or less rough in the sense that as bodies move on them they exert forces parallel to the 


surface and in such direction as to resist motion. 


Such forces are termed “‘frictional.’’ 


Frictional force is proportional to the normal thrust between body and surface; how- 
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ever, the coefficient of proportionality, known as the coefficient of friction, can for the 
same body and surface vary a great deal depending on the nature of the contact and 
the motion. It is customary to define 


magnitude of maximum frictional force (2d-1) 
magnitude of normal thrust 


fs = 


as the coefficient of static friction if motion is just on the point of starting. On the other 
hand, fx, called the coefficient of kinetic or sliding friction, is the value of the ratio in 
Eq. (2d-1), when motion has once been established. In general fx < f, for the same 
body and surface or the same two surfaces. | 

The friction between surfaces is dependent upon many variables. These include 
the nature of the materials themselves, surface finish and surface condition, atmos- 
pheric dust, humidity, oxide and other surface films, velocity of sliding, temperature, 
vibration, and extent of contamination. 

In many instances the degree of contamination is perhaps the most important 
single variable. For example, Table 2d-1 lists values for the static coefficient of fric- 
tion f, for steel on steel under various test conditions. 


TaBLe 2d-1. Corrricrents or Static FRIcTION FoR STEEL ON STEEL 


Test condition te Ref.* 
Degassed at elevated temp. in high vacuum........... "| Weld on contact | 20 
Grease-free in vacuum..............- erarore Depts saciyoste 0.78 1 
Greaseciree 1h Ail 1.0. oes ddioeag aks ke oe MI ARSe Soe eels 0.39 8 
Clean and coated with oleic acid............. seas eee — 0.11 1 
Clean and coated with solution of stearic acid............ 0.013 21 


* References follow Table 2d-4, 


The most effective lubricants for nonfluid lubrication are generally those which 
react chemically with the solid surface and form an adhering film that is attached to 
the surface with a chemical bond. This action depends upon the nature of the lubri- 
cant and upon the reactivity of the solid surface. Table 2d-2 indicates that a fatty 
acid such as those found in animal, vegetable, and marine oils reduces the coefficient 


TABLE 2d-2. CoEFFICIENTS OF Sratic Friction at Room TEMPERATURE 


Paraffin oil | Degree of 


Surfaces Clean paren + 1% lauric | reactivity 
oil ; : 
acid of solid 
Nickel..........2..0% 0.7 0.3 0.28. Low 
Chromium........... 0.4 0.3 0.3 Low 
Platinum 1.2 0.28 0.25 Low 
Silver............0.. 1.4 0.8 0.7 Low 
Gass aes oe he 0.9 Seecttch 0.4 Low 
Copper .s4cc 5 esewees 1.4 0.3 0.08 High 
Cadmium........... 0.5 | 0.45 0.05 High 
DAU sc 6 bi gedoeee Pach ako 0.6 0.2 0.04 High 
Magnesium.......... 0.6 0.5 0.08 High 
TROD: 62. hw ees Sees 1.0 0.3 0.2 Mild 
A 0.7 0.3 


Mild 
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of friction markedly only if it can react effectively with the solid surface. Paraffin oil 
is almost completely nonreactive. The data are taken from ref. 22. 

It is generally recognized that coefficients of friction reduce on dry surfaces as sliding 
velocity increases. Dokos (ref. 4) has measured this for steel.on steel. It is difficult 
to screen out the effect of temperature, however, which also increases with sliding 
velocity so that frequently, under these conditions, both variables are present. Table 
2d-3 gives values which are the average of four tests at high contact pressures. | 


TABLE 2d-3.. COEFFICIENTS OF FRICTION, STEEL ON STEEL, ‘UNnusntcarmp 


100 
0.18 


10 
0.19 


0.001 
| 0.48 


0.1 


fi) 
0.39 | 0.31 


Velocity, in./sec......... | 
0.23 


Coefficient of friction fr K.. 


0.0001 
0.53 


Table 2d-4 resents ‘egieal values of the soenicionts of static and sliding friction foi 
various materials under a variety of conditions. 


TABLE 2d-4. CoEFFICIENTs oF STatic AND SLIDING FRICTION* 


Static friction Sliding friction — 
ateras Dry Greasy _ Dry Greasy 
Hard steel on hard steel.......... 0.78(1) |0.11(1,a) 0.42(2) | 0.029(5, h) | 
| 0.23(1,b) | ........ 0.081(5, C) 
O. POC) ieee dae 0.080(5,i) — 
0.11(1,d) ot dos th cates 0.058(5,j). . 
0.0075(18,p)| ........ | 0.084(5;d) 
0.0052(18,h)} ........ 0.105(5,k) 
0.096(5,1) _ 
0.108(5,m) 
. | | | | 0.12(5,a) 
Mild steel on mild steel.......... 0.7419) feos bea ere drs 0.57(3) 0.09(3,a) 
, | | 0.19(3,u) 
Hard steel on graphite........... 0.21(1) |0.09(1,a) | 
Hard steel on babbitt (ASTM 1)..| 0.70(11) | 0.23(1,b) 0.33(6) | 0.16(1,b) 
0.15(1,c) teeeeeee | 0.06(1,c) | 
0.08(1,d) | ........ |0.110,d) | 
0.085(1,e) | a 
Hard steel on babbitt (ASTM 8). .| 0.42(11) |0.17(1,b) 0.35(11) | 0.14(1,b) 
O.TULC): |) sesasax « | 0.065(1,c) 
0.09(1,d) | ¢....... | 0.07(1,d) 
| 0.08(1e) |} ........ ~ 1+ 0.08(11,h) 
Hard steel on babbitt (ASTM 10).; ....... 0.25(1,b) Utiandece (| ORISCLD) 
| | 0.12(1,c) | ........ 0.06(1,c) 
0.10(1,d) | ........ 0.055(1,d) 
Mild steel on cadmium silver.....) ....... |e... cee eee] cee 2... | 0.097(2,f) 
Mild steel on phosphor bronze... 7 ee ey ere eer ere 0. ef) 0.173(2,f) 
Mild steel on copper lead.........) 2.0.02. fee ee eee] cee eee ee 0. 145(2,f) 
Mild steel on cast iron.........../ ....2... 10.183(15,c) | 0.23(6) | 0.133(2,f) 
Mild steel on lead............... 0.95(11) | 0.5(1,f) 0.95(11) | 0.3(11,f) 
Nickel on mild steel....... Weide, ore (Sete anion, Woes Base boas 0.64(3) 0.178(8,x) 
Aluminum on mild steel.......... 0.61(8) |[............ 0.47(3) | 
Magnesium on mild steel....:....[ ....... |........000. 0.42(3) 
Magnesium on magnesium....... .| 0.6(22) |0.08(22,y) 


* Numbers in parentheses indicate references to data sources; letters identify lubricant in following 
list. 
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TaBLE 2d-4. CoEFFICIENTS OF STATIC AND SiipinG Fricrion (Continued) — 


Static friction | Sliding friction 
Materials | Dry © Greasy Dry | Greasy 
Cadmium on mild steel..........-) 2.2.2 e few eee ee ee ees 0.46(3) 
Copper on mild steel............. 0.53(8) [......0..0.. 0.36(3) -0.18(17,a) 
Nickel on nickel................. 1.10(16) | 0.28(22,y) 0.53(3) 0.12(3,w) . 
Brass on mild steel.............. 0.51(8) |0.11(22,c) 0.44(6) 
Brass on cast 1ron............000] cece eee ey ee 0.30(6) 
Zinc on cast iron................ 0.85(16) |....... Buhoaes 0.21(7) 
Magnesium on cast iron..........) .....22 fees ee eee eae 0.25(7) 
Copper on cast iron..............| 1.05(16) |... 0.2.00... 0.29(7) 
Dion: Cast 110i, indo paws eet 658% eee ew Cane woes 0.32(7) 
Lead on cast iron.............260[ cee eens |e. eunbeiis Leataie ted 0.43(7) 
Aluminum on aluminum.......... 1.05(16) | 0.30(22,y) 1.4(3) | 
Glass on glass...............00-- 0.94(8) |0.35(22,y) 0.4(3) 0.09(8,a) 
0.1(22,q) 

Carbon) On: 21488 iidcdn be oe deaan oa!) amanvea let amcs Bako 0.18(3) 
Garnet on mild steel.............) .. 0.20. [eee eee eee ee 0.39(3) 
Glass on nickel.................. 0.78(8) j............ 0.56(3) 
Copper on glass...............-. 0.68(8) |............ 0.53(3) — 
Cast iron on cast iron............] 1.10(16) |0.2(22,y) 0.15(9) 0.070(9,d) 
Bronze on cast iron.............0) cece eee fee eee eek ae 0.22(9) 0.077(9,n) 
Oak on oak (parallel to grain)....|0.62(9) |............ 0.48(9) 0.164(9,r) 

| 0.067 (9,8) 
Oak on oak (perpendicular)....... 05049) iveckagacase 0.32(9) 0.072(9,s) 
Leather on oak (parallel).........) 0.6119) j............ 0.52(9) 
Cast 116n-On Cdk: 23.6054 ao tee do) nga ees ee hee ns 0.49(9) 0.075(9,n) 
Leather on cast iron.........6.. 0) .o cece fee e eee ee nee 0.56(9) 0.36(9,t) 
Teflon on Tefion................ 0.04(22) |............ 0.04(22,f) 
Teflon on steel.................6), 0.04(22) |.....00000.. 0.04(22,f) 
Fluted rubber bearing on steel....| ....... f[............/ 2. ate 0.05(13,t) 
Laminated plastic on steel........] ....... Jece.e cece eee 0.35(12) | 0.05(12,t) 
Tungsten carbide on tungsten car- 

DICCL. 6 or ot Ru crake alee eattned 0.2(22) |0.12(22,a) 


.08(22,a) 


Lubricant References for Table 2d-4 


a. Oleic acid m. Turbine oil (medium mineral) 
b. Atlantic spindle oil (light mineral) n. Olive oil a 
c. Castor oil p. Palmitic acid 
d. Lard oil q. Ricinoleic acid 
e. Atlantic spindle oil plus 2 per cent r. Dry soap 
oleic acid s. Lard 
f. Medium mineral oil t. Water 
g. Medium mineral oil plus % per cent u. Rape oil 
oleic acid v. 3-in-1 oil 
h. Stearic acid _w. Octyl alcohol 
i. Grease (zinc oxide base) x. Triolein 
j. Graphite y- 1 per cent lauric acid in paraffin oil 
k. Turbine oil plus 1 per cent graphite “ : 
1. Turbine oil plus 1 per cent stearic 


aid 
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References for Table 2d-4 
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21. 


22. 


. Clark, G. L., B. H. Lincoln, and R. R. Sterrett: Fundamental Physical and 


Chemical Foreess in Lubrication, Proc. API 16, 68-80 (1935). 


. Beare, W. G., and F. P. Bowden: Physical Properties of Surfaces. 1, Kinetic 


Friction, Trans. Roy. Soc. (London), ser. A, 234, 329-354 (June 6, 1935). 


. Dokos, S. J.: Sliding Friction under Extreme ‘Pressures—1, J. "Appl. Mech. 18, 


A-148-156 (1946). 


. Boyd, J., and B. P. Robertson: The Friction Properties of Various Lubricants at 


High Pressures, Trans. ASME 67 (1), 51-56 (January, 1945). 
Sachs, G.: Versuche tiber die Reibung fester Korper (Experiments about the 
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. Morin, A.: Nouvelles experiences sur le frottement (New Experiments on Fric- 
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. Tabor, D.: The Frictional Properties of Some White-metal Bearing Alloys: The 
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. Brazier, S. A., and W. Holland-Bowyer: Rubber. as a. Material for Bearings, 


General Discussion on Lubrication and Lubricants, Inst. Mech. Engrs., J. 1, 
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. Burwell, J. T.: The Role of Surface Chemistry and Profile in Boundary Lubri- 
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: Gongwer, C. A.: Proc. Conf. Friction and Surface Finish (MIT.) June, 1940, pp. 


239-244. 
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ber, 1951). 
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2d-2. Rolling Friction. Rolling is frequently substituted for sliding friction. The 


resistance to motion is substantially smaller than for sliding under nonfluid film condi- 
tions. The frictional resistance to rolling under the action of load W may be desig- 
nated as P in Fig. 2d-1. The coefficient of rolling friction is then defined as 


—— | (2d-2) 


; 
i 
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The frictional resistance P to the rolling of a cylinder under load is applied at the 
i t : Ww a8 


center of the roller and is inversely proportional 
to the radius r of the roller and proportional to a 
factor k, a function of the material and: its sur- 
“face condition. es | 


- P= Ww d-8) 


3. 


If r is in. ne values, of ke may ‘be taken as 

| 777, follows: hardwood. on. hardwood, 0.02; iron on 

| ‘Fie. 2d- 1. Rolling f friction, --.. iron, steel, on steel, 0.002; hard polished steel on 

- hard polished steel, 0. 0002 to 0.0004. Noonan 

and Strange suggest, fi acl rollers on steel plates: surfaces. well finished and clean, 

0.005 to 0.001; surfaces well oiled, 0.001 to 0. 02; nunaeee covered with ailt, 0. 008 to 
0.005; wurtaces rusty, 0.005 to 0.01. _ 


: Fig. -2d-2. Load carried on ‘rollers. 


If the load i is carried on rollers as in Fig. 2-2, and k and ae are dhe respective factors 
for lower and upper surfaces, the force P is 


_ (e+ kW 


d cae 


2e. Crystallographic Data. 
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This section presents data relating to the crystals of the elements and certain 
important compounds. For details about crystal structure the references at the eo 
of the subsection may be consulted. 

The lattice constants tabulated in Tables 2e-2 and 2e-3 are referred to crystallo- 
graphic axes a, b, and c, making axial’ ee a, B, y with each other as shown in 
Fig. 2e-1. 
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The relationships which obtain among these quantities i in the various crystal systems 
are listed in Table 2e-1. : 


TABLE 2e-l. LATTICE-CONSTANT ReLavionsnirs FOR VARIOUS CRYSTAL SYSTEMS 


Crystal System ves Lattice-constant Relationships 

Cubic (= isometric)..... Prise ee ere ol Aes doe a=b=c a=£B=y = 90° 
Tetragonal........... SE eer ee eT ee a=b¥c a=6 =y = 90° 
Orthorhombic.......... meee eine pease axbx#e a =f = y = 90° 
Trigonal, if rhombohedral (see following text). a=b=c a= p= y ~ 90° 
Hexagonal (see Fig. 2e-2). peed sate eee rer a=bxc a=f8 = 90° y = 120° 
Monoclinic............. ee ee eee to... @AAD FX a= y = 90° B > 90° 
Triclinic.......... Datla Bert Sate Neonates we @FAD AO aAFABHKY 


Only those lattice constants whose values are not specified by the relationships in 
Table 2e-1 are actually listed. in Tables 2e-2 and 2e-3. For example, in the tetragonal 
system, it is only necessary to give values for a and c. 

The following are the Hermann-Mauguin point-group symbols for the 32 classes of 
symmetry, grouped into seven crystal systems, included here for comparison with the 


Fiaq. 2e-1. Crystallographic axes. Fia. 2e-2. Gevatalingcabnie axes. for the hexa- 
gonal system. 


space-group symbols of Tables 2e-2 and 2e-3. (The alternative Schénflies sym-. 
bol, enclosed in parentheses, follows the ‘Hermann-Mauguin. symbol to which it is 
equivalent. ) 


Triclinic: 1(C,), i(c,) 

Monoclinic: 2(C2), m(C,), 2/m(C2n) 

Orthorhombic:;mm(C2), 222(D2), mmm(Da) 

Trigonal: 3(C3), 3(Cs), 3m(C3v), 3m(Dsa), 32(Ds3) 

Hexagonal: 6(Cz), 6(Ca), 6/m(Cea), 6mm(Cev), 62m( Daa), 62(D.), 6/mmm(De) 
Tetragonal: 4(C,), 4(S.), 4/m(Ca,), 42m( Dea), 4mm(Cr),, 42(D,), 4/mmm (Das) 
Cubic: 23(T), m3(T>), 43m(T a), 43(O), m3m(On) 


These symbols describe the symmetry operations whieh relate equivalent directions 
in the crystal. All the bulk physical properties of the crystal have this symmetry. 
The numbers (1, 2, 3, etc. ) refer to axes of symmetry (2-fold, 3-fold, etc.); a number 
with a bar indicates an inversion axis. For example, 4 indicates the symmetry opera- 
tion of a quarter turn combined with an inversion through a center of symmetry. 
Symmetry planes are indicated by m, placed beside the axial number when the plane 
is parallel to the’ axis, beneath it when the plane:is normal to the axis, except in the 
cubic system where the 3-fold axes are always in the (111) directions! and the sym- 
metry planes parallel to the {100} planes and, where m is the third symbol, the {110} 
planes. 

Figure 2e-3a, 6, c, d illustrates the operations of some of these symmetry elements. 


1 Por the Miller indices notation for crystal planes or faces, see any of the books hated in 
the references. A simple summary is given in ref. 6. _ See also ref. 9, (ip. 24. 
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Pewee ewww = 


‘ 


Qew ww mn mw eee 


(c) | @) 
Fra. 2e-3. Operations of symmetry elements. (a) tetragonal, 4/mm; (6) monoclinic, 2/m; 
(c) orthorhombic, mm; (d) tetragonal, 42m. © | ue 
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In the space-group symbols some of the plane and axis point-group symbols are 
replaced by symbols for glide planes (a, b, c, d, n) and screw axes (e.g. 21) which relate 
the atom positions in the crystal structure and are preceded by a capital letter indi- 
cating whether the lattice is rhombohedral (R), primitive (P), body-centered (I ), side- 
centered (A, B, or C), or centered on all faces (F). Thus F'm3m, for example, indicates 
a face-centered cubic structure. 

In the column of crystal systems, all crystals with a unique 3-fold axis of symmetry 
are listed as trigonal. For some of these, the smallest unit cell is rhombohedral. 
Alternatively one may say their structures may be referred to a rhombohedral lattice. 
For these the Hermann-Mauguin space-group symbol begins with R. For other 
trigonal structures the smallest unit cell is the same shape as that of the hexagonal 
crystals. For these the space-group symbol begins with P. 

(Caution: Orthorhombic is sometimes abbreviated to rhombic in the literature. 
Care must be taken not to confuse this with rhombohedral.) . 

The reader is referred to X-ray crystallographic texts (e.g. refs. 6 to 9) for the inter- 
pretation of the glide-plane and screw-axis symbols. For the symmetry of the bulk 
physical properties of the crystal he can replace the former by m and omit the sub- 
script of the latter. ; 

The value Z in the fourth column of Tables 2e-2 and 2e-3 is the number of formula 
units (e.g., atoms in the case of most elements) per unit cell. 

The symbols in the last column of the tables refer to structure types described in the 
Strukturbericht (refs. 3 and 4): A1, cubic-close-packed (= face-centered cubic, f.c.c.); 
A2, body-centered cubic (b.c.c.); A3, hexagonal close-packed (h.c.p.); 44, diamond 
structure. For types other than these common ones, the reader is referred to the 
Strukturbericht. In some cases, where the structure is commonly known by the name 
of some substance exhibiting it, this is indicated; e.g., for Bi, structure type A7 (As) 
and for NiFe2Qu., structure type H11 (spinel). | — *x 2 | 

The conventional choice of the coordinate axes (‘crystallographic axes’’) z or a, y 
or 6, z or c is usually dictated by symmetry. Where this is not so, the dimensions of 
the unit cell determined from X-ray diffraction work govern the choice of axes (see 
ref. 2, p. 6). | eS 

The following list may be useful in determining axial directions in crystals for which 
the symmetry elements are determinable. Many crystal drawings should be used to 
supplement this list. For these the reader is referred to the texts, e.g., “A Textbook 
of Mineralogy” by E. 8S. Dana and W. E. Ford (4th ed., John Wiley & Sons, Inc., 
New York, 1932). This list should be used in conjunction with the list of lattice- 
constant relationships (Table 2e-1) for the various systems. _ | 

Cubic. The a axis makes equal angles (54°44’) with the four 3-fold symmetry axes. 
In most cases the a axis will be a 4-fold symmetry axis. band care indistinguishable 
from a. 7 

Rhombohedral. The 3-fold symmetry axis makes equal angles with the three sym- 
metrically equivalent (indistinguishable). crystallographic axes. ie 

Tetragonal. The unique (4-fold) axis is taken as c. 

Hexagonal. The unique (6-fold) axis is taken asc. | | 

Orthorhombic. The crystallographic axes are parallel to the three 2-fold axes where 
present; normal to the three symmetry planes where present. | 

Monoclinic. The 2-fold symmetry axis, if present, is taken as the b axis. Other- 
wise the normal to the symmetry plane is taken as b. 

Triclinic. Choice of crystallographic axes is not indicated by symmetry. | 

Tables 2e-2 and 2e-3 list the various quantities which characterize the crystal 
lattices of the elements and certain compounds, respectively. All values in these 
tables came from ref. 1, except as indicated. . 
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Formula 
(temp., °C, 
for the lattice 
constants given) 


A (—235°)...... Cub. 
Ag (18°)........ Cub. | 
Al Q8 ieee Ses Cub. - 
Sila ih aoe args Trig. 
Au (18°) Cub. 
By asa ee oe Tet. 
Bait dcr tte hues Cub. 
Be (18°)........| Hex. 
(630°) (stable. 
5-700°)....| Hex. 
Ds teen each eld Trig 
Br. (—150°)....| Orth 


C (diamond).... 


C (graphite) - 
(15°) 
C (graphite).... 


Ca (a) (electro- 
AVUG) aus tadn pa 
Ca (8) (450° 
(stable above 


A BOP) ecole tata | Hex 
Cb (see Nb) | 
Cd vextuee ‘ae. | Hex 
Cees cet ialom te 5 Cub. 
Ce..... Seu eeiee| Hex 
Se at 15,000 
atmos........ Cub. 
Cl. (— 185°) ee Tet 
CO (207) ee es Hex. 
Co (20°)........ Cub. 
Cues duvaed oe os Hex. 
Orso iwi wostas Cub. 
Cs (—100°)..... Cub. 
Cu (20°). ..0....- Cub. 
Dy... Hex 
LD ee ere a errr Hex 
OSs 2 hos, eno ae Cub. 


* Starred values probably are not 


Crystal 
system 
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Space Lattice constants, A,* 
group a, b, Cc; a, B, 
Fm3m 4 | 5.43 
Fm3m 4 | 4.086 + 0.0006 
Fm3m 4 | 4.0495 to 4.0507 
R3m 6 | 3.77, 10.57* 

7 2 | (arn 4.142, a 54°7’) 
Fm3m 4 | 4.0781 + 0.0003 
P4n2 50 | 8.74, 5.07 
Im3m 2 | 5.025 + 0.003 
P63/mme 2 | 2.2808, 3.5735* 

De ee, 7.1, 10.8* 
R3m 4.53726 + 0.0002 
11.8381 + 0.0008* 
(ar, 4.7364 + 0.0003 
7 a §7°14'13" + 23") 
Bmab 6.67, 8.72, 4.48* 
Fd3m 3.56696 + 0.00005 
P6;/mme 2.4612 + 0.0001, 
6.7079 + 0.0007 * 
R3m 2.461, 10.064* 
(ar, 3.642, a 39.49°) 
Fm3m 5.57 
P6;/mme 3.98, 6.52* | 
P63/mmc 2.9736 + 0.0005, 
: 5.6058 + 0.0005* 
Fm3m 5.150 + 0.002 
P6;3/mme 3.65, 5.96* 
Fm3m 4 | 4.84 + 0.03 
| P4e/nem ‘8 | 8.56, 6.12* 
P6;3/mmc 2 | 2.5074, 4.0699 
Fm3m 4 | 3.5442 
P63/mmc 2 | 3.509, 3.559* 
Im3m 2 | 2.8845 + 0.001 
Im3m 2 | 6.08 
Fm3m 4 |3.6147 + 0.0020 
P6;/mme 2 |3.578, 5.648* 
P6;/mmc 2 13.532 + 0.002, 
; 7 5.589 + 0.005* 
Im3m 2 | 4.573 
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| Structure 


type 


Al (f.c.c.) 


| Al (f.c.c.) 


Al (f.c.c.) 
AZ 


Al (f.c.c.) 


A2 (b.c.c.) 
A3 (h.c.p.) 


AZ (As) 


Al4 (12) 
AA (dia- 
mond) 


AQ 


Al (£.c.c.) 


A3 (h.c.p.) 
AB (h.c.p.) 


Al (f.c.c.) 
A3 (h.c.p.) 


Al (f.c.c.) 
A18 — 

A3 (h.c.p.) 
Al (f.c.c.) 
A3 (h.c.p.) 
A2 (b.c.c.) 
A2 (b.c.c.) 
Al (f.c.c.) 
A3 (h.c.p.) 
A3 (h.c.p.) 


A2 (b.c.c.) 


in angstroms (A) but in kX (1 kX = 1.00202 A), since they come 


from a reference published prior to 1949. See Acta Cryst. 1, 46 (1948). Cubic-lattice constants have all 
been converted to Angstrom units. 


CRYSTALLOGRAPHIC DATA 


2-49 


TABLE 2e-2. CrysTALLOGRAPHIC Data FoR THE ELEMENTS (Continued) 


Formula 
(temp., °C, « 
for the lattice 
constants given) 


Fe (a) (20°) (sta- 


ble to 910°). . 
Fe (y) (stable 

910-1400°)... 
Fe (6) (stable 

above 1400°). . 


1.65°K)...... 


KO kaneis 


Li (—196°)..... 
Li (—196°)..... 


Me (25°) ban 6 ees 


N (a) (at liquid 
H.) (stable be- 


low 35.4°K)... 


Im3m 


Fm3m 


Im3m 


Abam 
(alt. 
Cmca) 

P63/mme 

Fd3m ° - 


P63/mme- 


ee 2 © © © © 


Lattice constants, A,* 


a, b, C; a, B, Y 


seeeneeneeatmemeneeneneened (anemmimmetemmemnmenrnmeeeeemett (meneame eed (eT 


2.86645 
3.64 


2.94 | 
4.5167 + 0.0001, 
7.6448 + 0.0002, 
4.5107 + 0.0001 
3.622, 5.748* 
5.6575 + 


3.75, 6.12* 


3.57, 5.83* 
3.1952, 5.0569 
2.999; 70°32'* 
3.557 + 0.003, 
5.620 + 0.005* 
7.250, 9.772, 4.774 


| 3.241, 4.936 + 0.002* 
| 3.8389 + 0.0005 


5.344 + 0.005 

5.60 (est. 98% pure) 

5.706 + 0.017 

3.754 + 0.010, 
6.063 + 0.030* 

5.307 + 0.002 
(99.6% pure) 

3.5087 + 0.0002 

3.50 7 

4.41 (induced by 
plastic deformation) 

3.20280 + 0.00003, 
5.19983 + 0.00005* 
(99.995 % pure) 

8.894 

6.30 

3.774, 3.533 

3.150 + 0.005 


8 | 5.667 


Structure 
type 


A2 (b.c.c.) 
Al (f.c.c.) 
A2 (b.c.c.) 
All 


A3 (h.c.p.) 
A4 (dia- 


- mond) 
— | Ad (h.c.p.) 


| A3 (h.c.p.) 


A3 (h.c.p.) 


| AO. a 


A3 (h.c.p.) 


Al4 

A6 

Al (f.e.c.) 
A2 (b.e.¢.) 
Al (f:e.c.) 


A3 (h.c.p.) 
Al (f.c.c.) 


A2 (b.c.c.) 
A2 (b.ce.c.) 


Al (f.c.c.) 


A3 (h.c.p.) 
A12 
Al13 


A2 (b.c.c.) 


B21 (?) 


* Starred values probably are not in Angstroms (A) but in kX (1 kX = 1.00202 A), since they come 


from a reference published prior to 1949. See Acta Cryst. 1, 46 (1948). 


been converted to Angstrom units. 


Cubic-lattice constants have all 
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TABLE 2e-2. CRYSTALLOGRAPHIC Data FOR THE KLEMENTS (Continued) 


MECHANICS 


Formula 
(temp., °C, Crystal | — Lattice constants, A,* | Structure 
for the lattice | system a, b, c; a, B, type 
constants given) 
Ne (8) (45°K) 
(stable above 
30:4) vs cebs Hex. 4.039, 6.670* A3 (h.c.p.) 
NG eee S i eG cath Cub. 4.2906 + 0.0005 A2 (b.c.c.) 
Na (—195°)....| Cub. 5.339 (induced by Al (f.c.c.) 
plastic deformation at 
— 253°) 
Nb (20°)....... Cub. 3.3008 + 0.0003 (H2 free) | A2 (b.c.c.) 
id ecce sit cath ane Hex 3.650 + 0.003, A8 (h.c.p.) 
, 5.890 + 0.005* : 
Ne (at liquid He)| Cub. 4.53 Al (f.c.c.) 
Ni (257) 3 sou Cub. 3.52394 (99.99% pure) Al (f.c.c.) 
Os (a). (stable Existing data are in con- 
below 23.5°K) flict 8 | 
O. (8) (stable 
23.5-43.4°K).. 
Oz (y) (50°K)...| Cub. | 6.84 | | 
Os (18°)........ Hex | 2.7304 + 0.0005, A3 (h.c.p.) 
4.3097 + 0.0005 
P (white) (—35°)| Cub. 7.18 not cubic at liquid- 
7 air temp 
P (black)....... Orth 4.38, 10.50, 3.31 A17 
Pe@ed) fecsge wee Mon 7.34 (pseudo-cubic) | 
Pb (18°) Cub. 4.9496 + 0.0003. Al (f.c.c.) 
(99.9% pure) — 
Pd (18°)........ Cub. 3.8902 +. 0.0003 . Al (f.c.c.) 
PO d2cbosiiee 4 Mon 14.10, 4.29 + 0.04, A19? 
7.42 + 0.07; ca. 92° 
Pr (a) (18°)..... Hex 3.657, 5.924* A3 (h.c.p.) 
3 (99.4% pure). | 
PE Aiea s cass Cub. 5.151. Al (f.c.c.) 
Pt(18") ch Sean Cub. 3.9237 + 0.0003 Al (f.c.c.) 
(208°)......:{ Cub. 3.9310 Al (f.c.c.) 
(600°)... 2... Cub. 3.9460 Al (f.c.c¢.) 
Rb19? _ Cub... 5.709 A2 (b.c.¢.) 
Rescocivd een es Hex 2.7553 + 0.0004, A3 (h.c.p.) 
| 4.4493 + 0.0003* 
Ric Cub. 3.8044 + 0.0001 Al (£.c.c.) 
Ru (20°)........ Hex 2.69844, 4.27305* A3 (h.c.p.) 
8 (108°)........ Mon 10.90, 10.96, 11.02; 
96°44’ 3 
ee eee Orth 12.92, 24.55, 10.48 Al6 


10.9, 4.26 kX 


See page 2-52 for footnotes. 
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TABLE 2e-2. CRYSTALLOGRAPHIC DaTA FOR THE ELEMENTS (Continued) 


Formula 
(temp., °C, 
for the lattice 


constants given) 


Si (25°)......... 
Sn (a, gray).... 


Sn (8, white) 


Ti (8, 900°) 
(stable above 
882 + 20°)... 


Tl (262°) (stable 
above 230° ?) 


U (8) (stable 
660—760°) 


U_ (y) (stable, | 


760° to mp) 
(room tem- 
perature)... 
(800°)........ 


Crystal 
system 


Space 
group 


Lattice constants, A,* 
a, 6, c; a, B, ¥ 


Structure 
_ type 


ee Oo fe | 


Cub. 
Cub. 


P63;/mme 


Fm3m 


P3,21 or 


P3221 


P2, /a 
Fd3m 
Fd3m 
[4/amd 
Fm3m 
Im3m 
P6;/mme 
P63/mmc 
P3,21 or 


P3221 
Fm3m 


P63/mme 


Im3m 
P63/mme 


Im3m 


P 63 / mme 

Amam 

P4nm or 
P4n2 


Im3m 
Im3m 


NoN hd > 


2 
2 


4.2995 + 0.0002, 
11.2516 + 0.0004* 
(arn 4.49762 + 0.00018; 
a 57°6’27" + 19’’)* 

3.302 + 0.003, 

5.245 + 0.006* 

4.541 + 0.005 

4.35448 + 0.00004, 
4.94962 + 0.00002* 


9.05, 9.07, 11.61, + 0.02; 


90°46’ + 5’ 


12.85, 8.07, 9.31 + 0.02; 


93°8’ + 5’t | 
5.43059 + 0.00005§ 


6.47 


5.81970 + 0.00002 
3.17488 + 0.00005* 
6.06 
3.3026 + 0.0003 
3.585, 5.662* 
2.735 + 0.001, 
4.388 + 0.001* 
4.44669 + 0.00012, 
5.91494 + 0.00002* . 
5.084 + 0.002 and 
5.091 + 0.002 on two 
- different samples 
2.953, 4.729* 


3.33 

3.4496 + 0.0002, 
5.5137 + 0.0004* 
(99.995% pure) 

3.874 + 0.001 
(99.995% pure) 

3.523, 5.564* 

4,945, 5.865, 2.852* 

10.52, 5.57 


3.474 + 0.005 
3.49 


A3 (h.c.p.) 


Al (f.c.c.) 
A8& 


A4 (dia- 
mond) 
Aé (dia- 
mond) 


Ad 


Al (f.c.c.) 
A2 (b.c.c.) 
A3 (h.c.p.) 
A3 (h.c.p.) 
A8 (Se) 


Al (f.e.c.) 


A8 (h.c.p.) 


A2 (b.c.c.) 
A8 (h.c.p.) 
A2 (b.c.c.) 


A3 (h.c.p.) 
A20 


A2 (b.c.c.) 
A2 (b.e.e.) 


* Starred values probably are not in angstroms (A) but in kX (1 kX = 1.00202 A), since they come 


from a reference published prior to 1949. See Acta Cryst. 1, 46 (1948). 


been converted to Angstrom units. 


Cubic-lattice constants have all 
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TABLE 2e-2. CrrsTALLOGRAPHIC DaTA FOR THE ELEMENTS (Continued) 


Space 
_ group 


Lattice constants, A,* 
a, b,c; a, B, ¥ 


Structure 
type 


a a RR 


Formula 
(temp., °C, Crystal 
for the lattice | system 
constants given) 
V (25°).......2.4 Cub 
W (a) (25°)..... Cub. 
W (8) (trans- 
forms irre- 
versibly to a 
above 700°)...| Cub 
Xe (88°K)...... Cub. 
Ve hie ee Hex 
VY Dats awsceetaad Cub. 
Des sate aes se. Pies Hex 
he ieee Hex. 
Zr (8) (840°).... Cub. 


* Starred values probably are not in Angstroms (A) but in kX (1 kX = 
from a reference published prior to 1949. 


P63/mmc 
Im3m 


been converted to Angstrom units. 
+ Greiner and Breidt, J. Metals 7, 187 (1955). 


t Burbank, R. D., Acta Cryst. 4, 140 (1951). 


See. Acta Cryst. 1, 46 (1948). 


{ Burbank, R. D., Acta Cryst. 6, 236 (1952). 
§ Lipson and Rogers, Phil. Mag. 35, 544 (1944). 


2 | 3.0399 + 0.0003 

2 | 3.16475 + 0.00012 
8 | 5.048 + 0.003 

4 |6.25 + 0.025 

2 | 3.663 + 0.008, 


5.814 + 0.012* — 
(99.5% pure) 
5.479 
2.6590 + 0.0005, 
4.9351 + 0.0009 
(99.99% pure) 
2 | 3.229, 5.141* | 
2 | 3.62 


nN > 


A2 (b.c.c.) 
A2 (b.c.c.) 


Al5 
Al (f.ce.c.) 
A3 (h.e.p.) 


Al (f.c.c.) 
A3 (h.c.p.) 


A3 (h.c.p.) 
A2 (b.c.c.) 


1.00202 A), since they come 
Cubic-lattice constants have all 
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TABLE 2e-3. CrysTALLOGRAPHIC DATA FOR SELECTED CoMPOUNDS 


Formula 
(temp., °C, Crystal | Space Lattice constants, A* Structure 
for the lattice | system | group a, b, c; a, B, type 
constants given) 
Al2O3 (a) (corun- 
dum).......... Trig. | R3c 6 | 4.76 kX, 13.01 kX D51 
2 | (an 5.13 kX + 0.02; a 
55°16’ + 5’) 
Al2O3 (86)..... +-| Hex. | P6/mme | 12 | 5.56 kX, 22.55 kX D56 
BaTiO; (barium; Tet. P4/mmm| 1 | 3.9860, 4.0259* Distortion of 
titanate) G5 
BaTiO; (200°)....| Cub. | Pm3m 1 | 4.012 kX G5 (“perov- 
skite 
= type’) f 
CaCO; (calcite). .| Trig. | R3c 6 | 4.983, 17.02* G1 


2 | (ar, 6.3861; a 46°7’)* 
d cleavage = 3.02904 
7 kX for first order 
Orth. | Pnam 4 | 5.72, 7.94, 4.94* G2 


CaCO; (aragonite) 
CaF, (fluorite)...| Cub. | Fm3m 4 | 5.462 + 0.003 C1 
Cdl ein ascca xed! Trig. | P3m1 4.24, 6.835* C6 
CoFe.,0, (cobalt! Cub. | Fa3m 8 | 8.37; also reported: 8.38 | H11 (spinel) t 
ferrite) and 8.412 | 
COOK:-(CHOH):-| Orth. | P2122 4/1191 + 0.04, 
COONa-4H.0 14.32 + 0.05, 
(rochelle salt) 6.20 + 0.02 
CEEOL 2G wu earned Cub. | Pm3m 1 | 4.121 + 0.003 B2 
Fe;0, (26°) (iron 
ferrite or mag- | 
netite)......... Cub. |Fd3m | 8 | 8.380 + 0.002 #11 (spinel) t 
KH2PO, (20°) Tet. | 142d 4 | 7.437, 6.945 + 0.002;* H22 
(potassium also reported: 7.43, 
dihydrogen 6.97* 
phosphate) : : 
MgAl.O, (spinel).| Cub. | Fd3m 8 | 8.116 + 0.004 (contain- | H11 
ing Fe, Cr, Mn) : 
MgFe.O, (mag- Cub. | Fd3m 8 | 8.359 + 0.005; also | H11 (spinel) ft 


reported: 8.37 + 0.3% 

| and 8.38 + 0.01 
Cub. | Fd3m 8 | 8.419 + 0.003; also H11 (spinel)t © 
reported: 8.589 + 0.006 


nesium ferrite) 


MnFe.0, (man- 
ganese ferrite) 


NaCl (18°). .....| Cub Fm3m 4 | 5.638874 + 0.00002 B1 
NiAs............| Hex P63:/mmc| 2 | 3.610, 5.028* B8 
NiFe.O, (nickel Cub. | Fd3m 8 | 8.357 + 0.005; also F111 (spinel) f 
ferrite) : 7 ~ reported: 8.43 | 
NH,.H2PO, Tet. [42d 4 | 7.51, 7.53;* also reported: | H22 
(ammonium | 7.48, 7.56, and 7.479, 
dihydrogen 7.516 + 0.005* 
phosphate) 


See page 2-54 for footnotes. 
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TABLE 2e-3. CRYSTALLOGRAPHIC Data FOR SELECTED Comprounps (Continued) 


| 


Formula 
(temp., °C, Crystal | Space Z Lattice constants, A* Structure 
for the lattice | system | group a, b, c; a, B, type 
constants given) | 
SiO. (ow quartz,| Trig. | P322lor | 3 | 4.910 + 0.01, C8-like 
stable up to P3,21 5.394 + 0.01 
573° + 1°) 
SiO. (high quartz, | Hex. | P6222 or | 3 | 5.01, 5.47 C8 
stable 573-870°) P6.22 | : 
SiOz (upper high; Hex. | P63/mmc| 4 | 5.03, 8.22 (determined | C10 
tridymite; sta- outside its stability 
ble 870—1470°) range?) 
SiO2 (high cristo-| Cub. | P2:3 8 | 7.1473 (at 13800°C) c9 
balite, stable (also as 
1470-1710°, mp) Fd3m) 
ZnS (“blende”’ or| Cub. | F43m 4 | 5.423 + 0.006 (contain- | B3 
sphalerite) ing 0.16 wt. % Fe) 
ZnS (wurtzite)...| Hex. | P6mc 2 | 3.811, 6.234* B4 


* Starred values probably are not in Angstroms (A) but in kX (1 kX = 1.00202 A), since they come 
from a reference published prior to 1949. See Acta Cryst. 1, 46 (1948). Cubic-lattice constants have 
been converted to Angstrom units, 

+ Now known not to be the structure of perovskite. 

t ‘‘Spinel’’ in this table includes ‘‘inverse spinel.”’ 


Illustrative References 


References 1 to 5 give crystallographic data. References 6 to 10 are texts dealing 
with crystal structure. | 


1. Donnay, J. D. H., and Werner Nowacki: ‘‘Crystal Data,’ Geological ociety of 
America Memoir 60, Geological Society of America, New York, 1954. 

2. Palache, C., H. Berman, and C. Frondel: ‘The System of Mineralogy, ” 7th ed., 
John Wiley & Sons, Ine. New York; Chapman & Hall, Ltd., London, vol. 1, 
1944; vol. II, 1951. 

_ 3. Structure Reports, the continuation of the Strukturbericht, published for the 
International Union of Crystallography by N. V. A. Oosthoek’s Uitgevers MIJ, 
Utrecht, Netherlands. — 

. Strukturbericht, a digest of crystal-structure literature from 1913 through 1939, 
published in conjunction with the Zeztschrift fur Kristallographie. 

. Wyckoff, R. W. G.: Crystal Structures, Interscience Publishers, Inc., New York 
and London, vol. I, 1948; vol. II, 1951; vol. III, 1953. 

. Barrett, C. 8.: ‘Structure of Metals,”’ 2d ed., McGraw-Hill Book Company, Inc., 
New York, 1952. | 

. Bragg, W. L.: “The Crystalline State,’’ George Bell & Sons, Ltd., London; The 
Macmillan Company, New York, 1939. 

. Buerger, M. J.: “X-ray Crystallography,” John Wiley & Sons, Inc., New York; 
Chapman & Hall, Ltd., London, 1942. 

. Bunn, C. W.: ‘Chemical Crystallography,’’ Oxford University Press, New York, 
1946. 

10. Mason, W. P.: ‘Piezoelectric Crystals and Their Application to Ultrasonics,” 

D. Van Nostrand Company, Inc., New York, 1950. 
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2f. Elastic Constants, Hardness, Strength, and 
Elastic Limits of Solids 


H. M. TRENT AND D. E. STONE 
Naval Research Laboratory 
nearer EEE 


2f~1. Introduction. For the fundamental ideas connected with elasticity and the 
definition of the elastic constant, see Sec. 2a-6. The notation used in this section is 
presented below. For other definitions see Sec. 2-3. 


Symbols 

E Young’s modulus | 8.8. . shear strength 

G rigidity modulus El. elongation 

o Poisson’s ratio R.A. reduction in area 

p density Bhn Brinell hardness number 

Si; elastic constant (cf. Sec. 2a-6) R Rockwell hardness number 

C;; elastic coefficient (cf. Sec. 2a-6 (often used with subscripts) 
T.S. tensile strength -  VDH, Vhn_ Vickers hardness number 


Y.S. yield strength D diffusion coefficient 
Y.P. yield point . 


2f-2. Elastic Constants and Coefficients’ of Crystals. Tables 2f-1 to 5 present 
tabulated values of the elastic constants S;; and elastic coefficients C:; for cubic, 
tetragonal, trigonal, hexagonal, and rhombic crystals (cf. Sec. 2e for X-ray crystallo- 
graphic data). 

For other values, see also Tables 2h-2 and 3h-3. 

2f-3. Elastic Constants, Hardness, Strength, and Elastic Limits of Polycrystalline 
Solids. Tables 2f-6 through 2f-15 contain data on the Young’s modulus, modulus of 
rigidity, hardness, etc., of various solids, metals, and alloys. The elastic constants, 
tensile strength, yield strength, shear strength, and all other quantities having the 
dimensions of stress are expressed in dynes per square centimeter. The definitions of 
these and other tabulated quantities are given in the following list. 
Definitions (Continued on pages 2-69, 2-78, 2-80) 

1. Tensile Strength.1_ “The maximum tensile stress which a material is capable of 
developing.”’ 7 

Note: In practice, it is considered to be the maximum stress developed by a specimen 
representing the material in a tension test carried to rupture, under definite prescribed 


conditions. Tensile strength is calculated from the maximum load P carried during a 
tension test and the original cross-sectional area of the specimen Ao from the formula 


rE 
Tensile strength = — 
Ao 


2. Yield Strength. ‘The stress at which a material exhibits a specified permanent 
set.” 
1 Standard Definitions of Terms Relating to Methods of Testing, ASTM E6-36. 
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TABLE 2f-1. Exastic Constants AND COEFFICIENTS OF CUBIC CRYSTALS 
(S,;; in units of 10-18 em?/dyne; Ci; in units of 10" dynes /cm?) 


Ref.* | Ref.* 


Material ‘ Su Siz S44 Cu Cie C4 cols. | cols. 
emp 1-3 4-6 
= (1) (2) (3) (4) (5) (6) 
Silver (Ag).........---- Room | 23.2 —9.93 | 22.9 |12.0 8.97 | 4.36 | 23 54 
THA, 25: AU. 2 6056 ee eas Room | 20.7 SR OU DO is ao the a eeanchar gs Sarena 58 
50 Ag, 50 Au........... Room 19.7 = RV52 4 TOT Chek sf Sade ewe owes 58 
Ali coe os bccn Sek o) eee ee WetkeG ays [See eee es lee eee 2.56 1.07 | 0.86 51 
Aluminum (Al)......... Room | 15.9 —5.80 | 35.16 |10.56 6.39 | 2.853} 10 37 
Al 5) Cis ae sae sans Room | 15 —6.9 Ay rn Caer eee pose mer: carer ier 56 
Ammonium alum.......[.....-0efe cece ede eee et et epee rns 2.50 1.06 | 0.80 par 66 
Gold (Au).........-65-- Room | 23.3 —10.65 | 23.8 |18.7 15.7 4.36 13 54 
75 Au, 25: AG eis 3 nae Room | 20.5 G00) 126.6. hence wilh eee ernst en we Bes 58 
Barium nitrate.........- ROOM. Mer as beatae ele ee Ss 6.02 1.86 |; 1.21 at 67 
Copper (Cu)........+.-- Room | 14.91 —6.25 | 13.28 {17.10 | 12.39 | 7.56 13 37 
VeAaS eS ees ares 20°C | 138.44 <5 650) 1h 08s ho ecw slowed eat eee ese 29 
Cush ss. 04ce we eee Re eS 100°C | 13.80 = 610. 15 .4554)% 6 54 2 ewes alec ees 29 
CusAU.... eee ee eee eee 800°C | 15.12 —6.46 | 15.93 |......].-----0}- 2-2 29 
CUZ. od ek ES RIAA AES GCS GOT AE PER Y SER OSE ee eS 12.91 | 10.97 | 8.24 ae 37 
72 Cu; 28 2 es isos ees aes Room |} 19.4 —8.4 TBO" ic Sencsrk Sota oo goles reve OE 
Cus34na47 (B-brass)....... 24° 38.8 —15.2 5.78 | 5.40 3.55 |17.3 46 62 
CussZn47 (8-brass)......- 195°C | 36.1 —14.2 580 eee ee Seales ae wt 46 . 
Cus34n47 (8 brass)......- 389°C] 41.5 —15.3 Bi O4 ike Jolene ool hates 46 
CussZn47 (@ brass).......- Room. ly sees eee iw ota oe Se es 15.22 | 11.62 | 7.19 se 62 
Cu. 4:61. onde esas Seeds Room: jess pee divs s bet eee eeeass 16.2 12.0 7.55 Zh 64 
Cr Ali. ig hos ieee ie Room. lceces ls wea ewe eer eae 33 2.37 0.93 | 0.77 os 66 
CaFe (fluorspar).......-- Room 6.92 —1.49 | 29.6 |16.4 4.48 | 3.38 26 53 
Diamond...........---- ROG sah. oecal ea bee Oe ee 95.0 39.0 j43.0 Pe 42 
FeSe (pyrite).......---- Room 2.89 +0.44 9.48 |86.1 —4.74 |10.55 26 53 
Garnet 21.8% FeO...... Room) |i. cers sleeve Bes peer 19.7 9.0 5.7 ae 65 
Garnet 22.7% FeO...... ROOM Gs aes fos wee ERGs 19.2 9.9 5.9 a 65 
Garnet 23.0% FeO...... ROGUL- Nea betel ke eae eels ek eee 22.2 10.4 7.0 65 
Garnet 23.6% FeO...... > ROGUE hxc e et ea booed oaks hem eee 21.0 10.3 6.7 : 65 
Garnet 26.2% FeO...... ROOM «fie asle hod oe OE eee ee 22.6 12.6 6.2 sdk 65 
Garnet 28.7% FeO......}| Room |.....--|------+++efeeeeeee 27.3 15.7 6.8 - 65 
Garnet 33.5% FeO...... RGOM: leacedie de be awe oye ee eS 32.7 12.4 8.9 ae 65 
Wo 8 Ut ue a cake lens Room 7.72 —2.85 9.02 |23.7 14.1 {11.6 59 62 
Germanium..........--- 25°C| 9.685) —2.70 | 14.94 |12.98 4.88 | 6.73 | 38 49 
BY yicoccibisca ce Baeaee  e Room 31.7 —4.7 {161 3.33 0.58 | 0.62 3 52 
TEC Tescart > andes ha reas —193°C | 21.36 ea BBO «8 ea lotr e tatre [aoe 6 
KCl exh etete rea hase —3°C| 25.23 SR. PGT ca ft kyecaual eee aoe el Ba aiaars 6 
KG inde a ade Steet Room | 27.4 —1.38 [156 4.095| 0.705) 0.630} 26 37 
TED i ate pa a gee we Room | 39.2 SRA VORB:  ° pet ac pul Ace ep ane eee seed 3 
Potassium alum......... RGOTs 2 be tee be fae wb we © ae eee ees 2.56 1.07 | 0.86 $3 66 
bv al haf ita Te helt otc oe ayaa Room |833 — 370 380 0.459} 0.372] 0.263) 39 62 
TAL Gon ste t ye ieee Room | 10.6 —2.9 15.9 9.9 4.3 5.4 24 63 
MgO eecce ool oe es wad —193°C| 3.839} —0.855|. 6.380]......]...-..--]------ 6 
MeO 22h ee rewrites —103°C| 3.888) —0.878| 6.399]......]..----6]---e-- 6 
WMO ye ho 648 Sk aes —3°C 3.991 = 0.022) 6.447) ct ee eS eee ae et 6 
MeO Mouse ao tesa aed 97°C | 4.109} —0.972| 6.502|......].....--|------ 6 
MEO. jcwee te eee ee 197°C| 4.243} —1.027| 6.564]......]..-----]------ 6 
MeO & hice eer een 987°C | 4.383) —1.085| 6.626)......].......].-.--- 6 
Bis ou chs dats sete eee —193°C |482.6 |—208.7 |168.5 j......]------ fee eee- 22 
ING science 6d dvb hah eee ees —63°C (535.4 |—232.1 (2038.7 |......]--.----]-.-0-- 22 
TIN SAG cod canta a 2k ko rie Ghogute ahaa TEGO Litnno ee leks Bee Cel eee 8 0.945} 0.779) 0.618)... 62 
Na Broo. e545 sd Base ees Room | 40.0 —11.5 FAs. Nore at nace a ahaa a ee ee 3 
NaBOly och wiee su koe 34ers — 3° 22.08 4540) FSi 96 one Glee ee ee eyes 6 
N a Cl iets -bccers area ean oes Room | 24.3 —5.27 | 78.8 4.911] 1.225) 1.284| 26 37 
IND eh 8 2e co ge ig ne ees 97°C | 24.40 = 5 43° 1) 80286 12. chaste wes eee 6 
NaCliace stunned beaiews 197°C | 27.33 22662} S285 |) cate slew eae, vanlae ee xs 6 
NaClOs c3355 5 oh eens Room | 24.60 | +12.5 STs ihe sits irate te deat hese as 26 
NaClOg 45. ces deen ee4 DOI Nee ew ele dei ee okies ld ok BO 4.89 1.39 | 1.173) .. 44 
NHB. bi nsaces cannes es ROOM: ha eee Ie See oe Bees 2.96 0.59 | 0.53 ie 66 
NB iC boeken eee a eh Room Vesice eels maha sh He Le eas 3.90 0.72 | 0.68 66 
Nickel (Ni)....... GGT be CS lek bate ale ek eases 24.4 15.8 |10.2 Bs 68 
Lead CPD) -se4.62428 Josten Room | 93 — 42.6 69.4 4.76 4.03 | 1.44 13 62 
Devine eee hale ee ee a Ree DBO G Wok, eo ed hale de, wl eee do ee aoe 16.740) 6.523) 7.957 me 47 
W (tungsten)........... Room 2.573 —0.729 604}50. 2 19.9 /15.1 2 62 
Zine blende........++-+-- Room | 20.0 | —8.0 | 24.8 |10.79 | 7.22 | 4.12] 61 | 121 
Galena...... 0.0. cee eee ROOM Oesoe446 |S ea ee Ss ae Seas 8.69 4.01 | 4.42 ce 116 
Chromium oxide........ Room eck oe wlan wae eas Tod . 182.25 | 14.37 |11.67 117 
Iron purite..........--- RoOOni -Jieckae eee ris ot See Bea aS 36.7 |—4.64 |10.52 118 
Fluorspar..........+-6- ROOU [veda s-o | eee’ Be eee See 16.44 5.02 | 3.47 119 
Magnelite......... 0c fee eee fe eee fe ee eee epee eens 27.25 | 10.6 9.71 118 
Sodium chlorate.....- ef... eee efec ee ee efe rere eet efe renee 5.09 1.55 | 1.18 120 
Rock:salt. cole ccc cee cele cc eee efew eee e ee eee ete rape e scenes 4.97 1.27 | 1.27 119 


* References are on p. 2-58. 
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TABLE 2[-2. ELastic CONSTANTS AND COEFFICIENTS FOR TETRAGONAL CRYSTALS 
(S;; in units of 10~!8 em?/dyne; C;; in units of 101! dynes/cm?) 


Ref.* | Ref.* 
Material oe Su | Sas Cu) Ces | Cre cols. | cols. 
| 1-6 | 7-9 
2) | BHD |) | O 1M | 
Tin (Sn)....| Room /18.5/11.8/57.0) 1385|}—9.9]/—2.5)..../.....4.... 73 
KD2P Ose 63) (26°C ieee ce oa eel 3k Ve oul cone . : . a 72 
RbosPO es. | 26°C se os bees Aad ccll cece Pond bak ec 


* References are on p. 2—58. 


TABLE 2f-3. Eiastic Constants AND-COEFFICIENTS FOR TRIGONAL CRYSTALS 
(C;; in units of 10!! dynes/cm?; S;; in units of 10713 em?/dyne) 


Material Test Cu C33 C44 Cie Ci 3 C14 Ref. : 
temp. 
Calespar.............. Room |18.74) 8.01) 3.42 4.40 4.50} —2.03| 74 
Corundum............ Room (46.5 | 56.3 | 23.3 12.4 11.7 10.1 75 
Quartz nik ce Seda dads Room |86 .94/106. 80] 57.62 6.96] 15.60) 17.43] 75 
Sodium nitrate........ Room| 8.67) 3.74) 2.13 1.63 1.60 0.82) 74 
Su S33 S44 Sie S13 Sus 
@- QUST. 66 ei wees Room /12.98} 9.90) 20.05} —1.66) —1.52) —4.31!] 26 
Bismuth (B;)......... Room | 2.69) 28.7 |104.8 |—14 —6.2 |4+16.0 73 
Calespar.............. Room |11.3 | 17.5 | 40.3 | —3.7 | —4.3 | +9.1 70 
HOsOF 4s cas etiedne dicks Room | 4.42) 4.44) 11.93} —1.02| —0.23) +0.80} 26 
Hematite........ eee Room | 4.41} 4.43) 11.9 | »1.02} —0.23| +0.79| 70 
FE ci so thst, Sark etn gs, leven Beicles —190°15.4 | 4.5 | 15.1 |—11.9 | —2.1 |—10.0 15 
METER oe duce we ead Room /13.0 | 9.9 | 20.0 | —1.66) —1.52| —4.30| 70 
ities on Gee wed Sure date Room |17.7 | 33.8 | 41.0 | —3.8 | —8.5 | —8.0 73 
Tellurium............ Room |48.7 | 23.4 | 58.1 | —6.9 |—13.8 2 
Tourmaline........... Room| 3.99} 6.24] 15.14) —1.03] —0.16] +0.58] 26 


* References are on p. 2—58. 


TaBLe 2f-4. ELastic Constants AND COEFFICIENTS FOR HEXAGONAL CRYSTALS 
(Ci; in units of 10" dynes/cm?2; S;; in units of 10-13 em?/dyne) 


* * 
Material pa Cu | Co | Cs | Su S33 | Saas Sr Siz ae ae 
- 1-5 | 6-10 


(3) | @ | ® | © 7 | (8) | (9) (10) 


pens feel iceeaceeed leeteeneen! emeeemmemedd Tanmennmnnnensl teens omen ncad Kemmmmmmmeeeneeent femmes enaeene td Ce nS eS nen 


Beryl (sea green)....| Room} 29.71 | 26.50} 7.54 | 10.26] 7.39] 4.42 | 4.70/15.3 | —1.37 |—0.86! 67 70 


Aquartz........... 600°C | 11.84] 10.70| 3.585} 1.90} 3.20] 9.257| 10.85 | 27.89; —0.802| —2.52 45 45 
Phosphorite........ piace! ODO hd oon el a eee lS eT ei Nee eee 122 
Cadmium (Cd)..... FRO ONE es Nod cts all Secchi sgchn & 12.38 | 85.5 |54.0 |} -1.5 |-9.3 |] ... 14 
Magnesium (Mg)...| Room} .....].....].....]..... |... 22.1 19.7 |60.3 |—7.7 | —4.9 sos ii 
MING (TD) os cocese se ORO Nee eset eee haa We | 


* References are on p. 2-58. 
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TaBie 2f-5. Evastic ConsTaNts AND CoEFFICIENTS For RHomBic CRYSTALS 
(At room temperature; C;;; in units of 101! dynes/cm?; 
S;; in units of 10-" cm?/dyne) 


Material 


nt ps rer fret | ee | aR nr ne 


Sodium tartrate......... 
Rochelle salt... .. ingen de 
MgS0O.4-7H20............ 
ZnSO47H20...... Dates 
S (orthorhombic)........ 


ements came ee ewe fr Fr etme | pm nre 


es | ee | ee ee ee 


—12.0 |—11.5 ;—10.9 76 
Rochelle salt............ —11.6 |—21.4 | —8.95}| 76 
MgS0.::7H20............{/24. ; .6 | —2.68| —6.05) 76 
ZnSO4'7H2O............ 29. : : .8 | —3.49| —6.10| 76 
S (orthorhombic)........ 45.2 13.6 18.8 77 
Aragonite............. —2.37 0.438| —3.04| 26 
—2.51| —1.92| —8.97| 26 
—5.0 |—34.3 | —8.7 20 


Sodium tartrate......... 


* References are below. 
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Abbreviations in Tables 2f-6 through 2f-15 


Abbreviation  Defination 
1 0s eee pa eres Hot rolled 
OR Ji tothe e ace ts Seca Cold rolled 
W.Q................ Water quenched 

TO Oe feonstes ....... Oil quenched 

A.Q................ Air quenched 
POs 6 te idee ee Anew ain Air cooled 
d SS © Sear eee ree eer .... Furnace cooled | 
h-t....... ei tak ane aed hae Heat-treated 
Wiad eateeee2 tS Wrought 
BIN tect ace Gouoe anes Annealed 
art. aged............ Artificially aged 
nat. aged............ Naturally aged 
spec................ Specimen 


GiB ches coaest Make aas Grain size 
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The yield strength is conventionally determined in either of two ways. In the first 
method, a specimen of the material is repeatedly loaded and unloaded with the load 
being increased at each cycle, the process being continued until a specified permanent 
set is obtained after one of the unloadings. The stress which produces this specified 
permanent set is called the yield strength. 

In the second method, known as the offset method, a load-elongation curve is deter- 
mined experimentally, the elongation being measured in units of extension per unit 
length of the undeformed specimen. A straight line is then drawn having a slope 
equal to the initial slope of the load-elongation curve and an intercept on the elonga- 
tion axis equal to the specified offset, which is usually given in units of per cent 
elongation. The yield strength is taken to be that load defined by the interaction of 
the added straight line with the load-elongation curve. 

Further discussion of yield strength can be found in ASTM E6-36. 

3. Yueld Point.1 The stress at which a marked increase in deformation takes place 
without increase in the load. 

4. Shear Strength.2 ‘The stress, usually expressed in pounds per square inch, 
required to produce fracture when impressed perpendicularly upon the cross-section 
of a material.” 

5. Blongation.* “In tensile testing the elongation of a specimen is the increase 
in gage length, after rupture, referred to the original gage length. It is reported as 
percentage elongation.” | 

6. Reductionin Area? ‘In tensile testing the reduction in area of a specimen is the 
ratio of the difference between the original cross-sectional area of the specimen and the 
cross-sectional area after rupture, to the original cross-sectional area. It is reported 
as the percentage reduction of area.”’ : 

7. Rockwell Hardness Number.2 ‘‘A hardness value indicated on a direct-reading 
dial when a designated load is imposed on a metallic material in the Rockwell hardness 
testing machine using a steel ball or a diamond penetrator. The value must be 
qualified by reference to the load and penetrator used. Several scales are in common 
use: Rockwell A hardness is determined with a minor load of 10 kg and a major load 
of 60 kg using the diamond cone (brale); Rockwell B hardness is determined with a 
minor load of 10 kg and a major load of 100 kg using a te-in. steel ball; Rockwell C 
hardness is determined with a minor load of 10 kg and a major load of 150 kg using the 
diamond cone”; Rockwell D hardness is determined with a minor load of 10 kg and a 
major load of 100 kg using a diamond cone indenter; Rockwell E hardness is deter- 
mined with a minor load of 10 kg and a major load of 100 kg using a 4-in. steel ball 
indenter; Rockwell F hardness is determined with a minor load of 10 kg and a major 
load of 60 kg using a 7g-in. steel ball; Rockwell G hardness is determined with a minor 
load of 10 kg and a major load of 150 kg, using a ;{s-in. steel ball indenter. 

A second set of Rockwell hardness numbers are the Rockwell superficial hardness 
numbers. One of these is the Rockwell 15T hardness which is determined with a 
minor load of 3 kg and a major load of 15 kg, using a Te-in. steel ball. 


Note: The methods of determining the hardness values can be found in Standard Meth- 
ods of Test for Rockwell Hardness and Rockwell Superficial Hardness of Metallic Mate- 
rials, ASTM E18—42. 


8. Brinell Hardness Number.4| “A hard spherical indenter of diameter D mm is 
pressed into the metal surface under a load W kg and the mean chordal diameter of the* 


1 ‘* Metals Handbook,” 1948 ed., American Society for Metals. 
2 J. G. Henderson, ‘‘ Metallurgical Dictionary.” 

8 Natl. Bur. Standards (U.S.) Circ. C447. 

4D. Tabor, ‘‘The Hardness of Metals.’’ 

* Continued on p. 2-78. 
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TaBLE 2f-15. Euastic AND STRENGTH CONSTANTS FOR ZINC AND ZINc ALLOYS 


Elonga- 


Alloy ~ Condition 2 epee tion, % | Bhn Shear Ref.* 
strength : : strength 
in 2 in, 
3.5-4.3 Al, 0.03-0.08 Mg... . ..}| Die cast, 4-in. 28 X 108 82 | 21 x 108| 1 
section . 
3.5-4.3 Al, 0.75-1.25 Cu, 0.03—-0.08 | Die cast, }4-in. 33 X 108 91 | 26 X 108| 1 
Mg section 
3.5—4.5 Al, 2.5-3.5 Cu, 0.02-0.10} Die cast, }4-in. 35.9 X 100 } 32 x 108| 1 
Mg section 
4.5-5.0 Al, 0.2-0.38 Cu ........ Chill cast, 14- 19 X 108} ..... See cme heck te 1 
in. section 
5.25-5.75 Al.................] Chill cast, 44- 17 X esc UD | Succes tang Bo 1 
in. section 
<0.10 Pb. ; ...| H.R. strip 13.4-16 X 108; 50-65 | 38] ....... 1 
0.05—0.10 Pb, 0. 05-0. 08 Cd.. H.R. strip § | 14-17 X 108] 30-52 | 43]....... 1 
0.25—0.50 Pb, 0.25-0.45 Cd...... H.R. strip § | 16-20 * 108} 32-50 | 47] ....... 1 
0.85-1.25 Cu. . .| H.R. strip = | 16-22 * 108} 15-20 | 52] ....... 1 
0.85-1.25 Cu, 0. 006-0. 016 Mi H.R. strip § | 19-25 X 108] 10-20 | 61] ....... 1 


* References are below. 


References for Tables 2f-6 through 2f-15 


1. ‘‘Metals Handbook,’’ 1948 ed., American Society for Metals. 
2. Natl. Bur. Standards (U.S.) Cire. C447, 1943. : 
3. Bain, E. C.: ‘Functions of the Alloying Elements in Steel,”’ American Society for 
iMetals, 1939. 
4. Hoyt, S. L.: “Metals and Alloys Data Book,’”’ Reinhold Publishing Corporation, 
New York, 1943. 
5. “Selection of Special Steels, Data Sheet,’’ D.T.A. 72, Société de commentry, 
Paris, France, 1946. 
6. Halley, J. W.: Pat. 2402135, 1946. 
7. “Nickel Alloy Steel,’ 2d ed., The International Nickel Co., Inc., New York, 1949. 
8. ‘Fox Alloy Steels,’? Samuel Fox and Co. Ltd., Sheffield, England, 1942. 
9. “‘Case Hardening of Nickel Alloy Steels,”’ International Nickel Co., New York, 
1941. 
10. Everett, F. L., and J. Miklowitz: J. Appl. Phys. 16 (1944). 
11. Climax Molybdenum Company Laboratory Records. 
12. ‘Sheet Iron, a Primer,’’ Republic Steel Corp., 1934. 
13. Comstock, G. F.: J. Am. Ceram. Soc. 29 (1946). 
14, ‘‘Magnesium Alloys and Products,’’? Dow Chemical Co., 1950. 
15. ‘‘Nickel,’? The International Nickel Co., Inc., rev. 1951. 


resultant indentation measured (d mm). The Brinell hardness number (Bhn) is 
defined as 
W 
curved area of indentation 
2W 


«D(D — VD? — a?) 


Bhn = 


and is expressed in kg/mm?.”’ | 
9. Vickers Hardness Number.1 “A pyramidal diamond indenter is pressed into the 
surface of a metal under a load of W kg and the mean diagonal of the resultant indenta- 


1D. Tabor, ‘‘The Hardness of Metals.”’ 
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TABLE 2f-16. Dirrusion COEFFICIENTS FOR METALS. 


Metal 


Ag into Ag.............. ee Siew urereas ae 
Ag into Ag................... sbeestea rasta 
Ag into Ag............... ER Ie eee a 
PE MUO AD is ccna at ete eave Maoeeagere 
Ag into Ag......... Seseeditede test aihy Mahle od Sa BO 
Ag into Ag.......... bia MGntae Soe tate, noe She es 
PL UO! Obie 3 Steet bt alice ese ah ae Oe, 


CAIntO AP te uig has thie ace seek dal 
Cd into Pb..... Mis etewesasses cereale 
Cl- into NaCl single crystals.............. 
Cl- into NaCl single crystals.............. 
Cl- into NaCl single crystals.............. 
Cl- into NaCl single crystals.............. 
Cl- into»NaCl single crystals.............. 
Clb Into Cs haietag fae te wl Seated aes 
Cu into Cu......... uae: wed hoinse 3 oe he tre ative 
CAPUTO CU sc Seatckelas ae Dan ae ie eet 


CUNO Gu vs bes boos hE tebe Eee : 


Cll INO" CuO e255 ee eel eine ad hs Yee 
CUNO Age. keg haath e Senate Sew d ee e2 
In into In....... ey Cee mre ee ecdaes 


In into Ag................ ee eee eee 
Liq. Hg into liq. 
Liq. Hg into liq. 
Lig. Hg into lia. . 
Liq. Hg into liq. 
Liq. Hg into liq. 
Liq. Hg into liq. 
Liq. Hg into liq. 
Mn into Cu..... tsp is etd i hte 8h eagle a ot 


Test 
temp. 


Room 
460°C 
600°C 
666°C 
794°C 
936°C 

Room 

Room 

Room 

Room 

Room 

Room 

Room 

Room 
650°C 


. 681°C 


703°C 
735°C 
762°C 
Room 
700°C 
900°C 
1000°C 


~ 800°C 


900°C 


—1000°C | 


Room 


49.95°C © 


87 .25°C 


155.50°C 


COO OND & eH eK eH PE Oe ee 


><) 

sec 
.895 
.O X 10714 
.9 X 107-12 
.45 X 10711 
.64 & 10719 
.61 X 1079 
75 X 1072 
. 160 
.1 + 0.06 
.32 X 1074 


018 


.97 X 1079 
.3 X 1075 
.8 & 1073 
.25 X 107" 
.84 X 10710 
.16 X 10710 
.67 X 107° 
.52 X 107° 
. 1-47 

.06 X 107 
.58 & 10710 
.95 X 107° 
.19 X 1078 
17 X 1078 
.2 X 10-8 
.95 X 1075 
7-8.5 X 10718 
.4-1.5 X 107) 
.14X 107° © 
70 X 1077 
.52 X 1078 
.23 X 1075 
.85 X 1075 
.62 & 1075 
.68 X 1075 
79 X 1075 
.88 XK 1075 
.98 X 1075 
.24 X 1075 
.o¢7 X 107-5 
42 X 10-5 
.8 X 1075 


66 | 


.16 X 1075 
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TABLE 2f-16. DirrusION CoEmFFICIENTS FoR MetTats (Continued) 


Metal oe p (=) Ref 
temp. sec 

Pinte Cu gedeciouiane windvd dau nesiyades Room 1.02 x 1074 1 
Pb into Ph............ ccc cece eee eee eee Room 6.6 1 
DP INtG A Petco odes nn Se ee ae Ste ee Room 5.31 XX 1075 1 
Si into ferrite.............. 0. ce wee ees 1435 + 56°C | 1.1 * 107” 10 
SE INtO{C cor ws oe SE ARa eee eee es Room 3.7 X 107? 1 
Si IN COSCAG aes dans cheese eas ewe he ee Room 7.82 X 1075 1 
Sm into: Cts seta aaa tag aek hee en wa Room 1.13 1 
Sn into Pbh.................. tated tnbce dct Rite ate Room 3.96 1 
TiC OH sx lcs contin ts. co Cie toned 49.27°C |1.4X 10°” 9 
i ntOs isis babes ake aka ae we aes 74.19°C 19.2 * 107!2 9 
ACOA sgn e--dus-hore Gara aha e paree Bee 101.55°C | 4.6-4.8 XK 107! 9 
BD AGO" 104 63,2 tp et dala in Sete wa Raw aes 139.16°C | 2.8-3.2 K 107'° 9 
OE TOs Nien eo ya es an ee ee ee 155.60°C | 2.17 X 10-9 9 
ELE UO) Lixo yeaah oe Be ace os Seen e BE 155.91°C | 1.87 x 10-7 9 
Tinto: esos cee ee ek eiear ee eh Rhee dates 157.80°C | 2.27 K 1075 9 
Pim COE ok eee Netlaal eee eh bck ete Seas Beias Room 0.025 1 


N. B. The values quoted from ref. 1 are for Do in the equation D = Doe“#/®T, Cf. ref. 1 for values 
of A. 
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tion measured (d mm). The Vickers hardness number Paes or Vickers diamond 
hardness (Vdh), is defined as 
Vdh (or Vhn) = ue 


pyramidal area of indentation 


The indenter has an angle of 136° between opposite faces and 146° between opposite 
edges. From simple geometry, this means that the pyramidal area of the indentation 
is greater than the projected area of the indentation by the ratio 1:0.9272. Hence 


0.9272W 
Vdh = projected area of indentation 
= 1.8544W /d? 


The value is expressed in kg/mm?.”’ 

10. Diffusion Coefficient. If the concentration (mass of solid per unit volume of 
solution) at one surface of a layer of liquid is di, and at the other surface dz; the thick- 
ness of the layer is h, the area under consideration is A, and the mass of a given sub- 
stance which diffuses through the cross section A in time ¢ is m, then the diffusion 


coefficient is defined as 
mh 


Aas = apt 
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Thixotropic Substances 
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2g-1. Introduction. A gel! may be defined as a colloidal disperse system which (1) 
contains a dispersed component and a dispersion medium, both of which extend. con- 
tinuously throughout the system and (2) has time-independent or equilibrium elastic 
properties, e.g., it will support a static shear stress without undergoing permanent 
deformation. Gels are similar to solids in that they have a shear modulus of rigidity, 
but they are similar to liquids in most of their other physical properties. 

The dispersed component of a gel must be a three-dimensional network held 
together by bonds or junction points whose lifetimes are essentially infinite. The 
‘junction points may be formed by primary valence bonds, long-range attractive forces, 
or secondary valence bonds that cause association between segments of polymer chains 
or formation of submicroscopic crystalline regions. 

Certain systems, such as moderately concentrated polymer solutions, are similar to 
gels but differ in an important respect: they undergo flow when a shear stress, no 
matter how small, is applied, since they contain a network formed by molecular 
entanglements and the junction points are transient. They exhibit time-dependent 
elastic properties, as shown by stress-relaxation experiments or dynamic experiments 
with periodic stress,? but they do not have equilibrium elastic properties as do true 
gels. | 

A class of materials that includes dry gelatin, agar, and lightly cross-linked rubber is 
called xerogels. Xerogels when in contact with suitable solvents swell to form gels. 

A thixotropic substance is a gel which can undergo an isothermal gel-sol-gel trans- 
formation. The gel is transformed into a sol by mechanical agitation, and the sol 
reverts to a gel when the agitation is discontinued. The gel-sol transformation occurs 
if the gel is subjected to a shear stress greater than some critical amount, called the 
yield value. 

2-2. Gels. The equilibrium rigidity modulus of gels that have a dispersed com- 
ponent composed of randomly kinked long molecular chains which are cross-linked by 
primary valence bonds (or occasionally secondary valence bonds) is given approxi- 
mately by the statistical theory of rubber elasticity.* The theory equates the total 
elastic force of a deformed gel to the decrease in configurational entropy of the net- 
work chains. The theory can be applied to gels formed in several different ways: (1) 
by swelling a lightly cross-linked polymer such as rubber; (2) by introducing sufficient 

1 P. H. Hermans, Gels, in ‘‘ Colloid Science,” vol. II, H. R. Kruyt, ed., Elsevier Press, Inc., 
New York, 1949. : 

2 J. D. Ferry, Physical Properties of High Polymers, in ‘‘ Annual Review of Physical 
Chemistry,’ vol. 4, Annual Reviews, Inc., Stanford, Calif. 

3P. J. Flory, ‘‘Principles of Polymer Chemistry,’’ Cornell University Press, Ithaca, 
N.Y., 1953. 
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cross links between polymer molecules in solution to form a three-dimensional net- 
work; or (3) by adding or removing some of the solvent in the gels formed under (2). 
The modulus of rigidity G for any gel of the three classes is given by the equation 


G = if, RT v28(v2°)3 (2g-1) 
where p is the density of the dry polymeric material, M, the number average molecular 
weight of polymer segments between cross links, & the gas constant, and T the abso- 
lute temperature. The quantity v2° is the volume fraction of polymer in the state 
when cross links were formed; and v2 is the volume fraction of polymer in the gel of 
‘rigidity G. Thus, for gels of class (1), v2® equals unity; for gel of class (2), v2° equals 
ve; for gels of class (3), v2° equals the volume fraction of the polymer in the solution 
when the cross links were formed, and v2 is the volume fraction of the polymer in the 
gel formed by addition or removal of solvent. 

The ratio p/M, can be calculated from the measured rigidity of the gel in a given 
state using Eq. (2g-1) or from equilibrium swelling measurements.’ 

The rigidities of a variety of gels are listed in Table 2g-1. These rigidities were 
obtained from the original literature and are given here without critical evaluation. 
Whenever Young’s modulus EF was reported in the literature, it has been converted 
into the shear modulus by using the relation ZH = 2G(1 + v) with », Poisson’s ratio, 
set equal to 0.5. 

The rigidity of most gels depends on their age, method of preparation, temperature, 
and the concentration of the dispersed component. Hence ranges of rigidity moduli 
are given in Table 2g-1. Because of the time dependence of the rigidity of many gels, 
the moduli listed may not be equilibrium values.. Also, some of the gels may show 
appreciable permanent deformation; therefore they may not conform strictly to the 
definition of a gel given previously. 

Qg-3. Thixotropic Substances. Numerous colloidal systems are thixotropic. 
Examples are paints, printing inks, iron oxide sols, solutions of sodium carboxymethyl- 
cellulose and agar, suspensions of glass spheres, kaolin, bentonite, carbon black, and 
kieselguhr. In fact, it appears that many gelling systems may become thixotropic 
under certain conditions of concentration, temperature, or ionic strength.? 

The complete characterization of the mechanical properties of thixotropic sub- 
stances* should include the rigidity of the gel at various stages of its formation, and 
the flow curves (shear rate vs. shear stress curve) of the sol for all stages of breakdown. 
The latter is difficult to obtain since the degree of breakdown is changed by shear. 
However, several methods that give considerable information have been used to 
investigate a wide variety of thixotropic gels. 

Pryce-Jones‘ uses a concentric-cylinder apparatus whose inner cylinder is attached 
to a torsion wire. Data are obtained on the rate of change of viscous properties of the 
sol and elastic properties of the gel. Green and Weltman subject thixotropic systems 
to increasing shear rates, followed immediately by decreasing shear rates. A loop is 
obtained in the flow curves, from which a coefficient of thixotropic breakdown is calcu- 
lated: They also calculate a coefficient of thixotropic breakdown with time from the 
decrease in viscosity (measured at a given rate) with time. Goodeve and Whitfield® 


1 Flory, op. cit. 

2 Hermans, op. cit. 

2 Turner Alfrey, Jr., ‘‘ Mechanical Behavior of High Polymers,” Interscience Publishers, 
Inc., New York, 1948. 

4 Pryce-Jones, Kolloid-Z. (in English) 129, 96 (1952). 

5 H. Green, ‘‘ Industrial Rheology and Rheological Structures,” John Wiley & Sons, Inc., 
New York, 1949. 

6 Goodeve and Whitfield, Trans. Faraday Soc. 34, 511 (1938); Goodeve, Trans. Faraday 
Soc. 35, 342 (1939). 
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have introduced a coefficient of thixotropy ©, defined by the equation 


8 
1-m= 5 (2g-2) 


_where 7 is an apparent viscosity, no the limiting viscosity at high shear rates, and D 
the rate of shear. However, the equation is applicable only to comparatively simple 
systems. 

TABLE 2g-1. SHzarR Moputus or GeExs 


Age of Modulus G, 


el gel dynes/cm2 Ref. 
Inorganic gels: 
PDAS oy bi hy chal ndy dada ween eds Bes 2-24 br 9 X 105 1 
ACRE ie elven we tadw aden’ Gee lOZO0OSO A fh 21b> “lewd yccucsics 4X 10°-5.2 * 105 2 
Cupric ferrocyanide...............j0.24-0.37| ..... [........... 0.86—2.7 3 
Cadmium sulfide.................]0.3-0.77 | 22... J........... 0.9-3.7 3 
Silicie: ACIG 5.4.52 4 ors Abe ee bees 6.5-133 hr} 2.2 * 105-8.5 x 105 J 
Silicic acid....................... 28—52 hr 0.61 X 1054.8 x 105 4 
Ferric oxide...................-.. 0—5 hr 5 X 1024.5 X 105 5 
Metal-organic gels: 
Ammonium oleate................ 0-20 hr 0.43-2.9 6 
Mercury sulfosalicylate............ 0-16 days ; 1-19 6 
Lithium-based grease.............0)..ccceeee| ce cea leccceececce 0.53 X 106 7 
Sodium-based grease..............[-ecceeeee| cs cee lev eccccccee 2.3 & 106 7 
Organic gels: 
Benzopurpurin................... 0-23 hr 0.75, 11.1 6 
Cellulose acetate—benzyl alcohol....{5-25 . | 5-20 |........... 105-107 8 
Cotton yellow.................... 0-68 hr 2.3—23.6 6 
PID PIN: ccd. oh Lee Pa doeriphancee crests Oe 4 ik eke Weel eae 103-105 9 
“Fibrin filme cei eeidiceck binencctels “BO "\teaiine: Wvercahiiad ea: 2X 106 9, 10 
Collagen: j.ioco200 349 vend cd beneeecs (ISIE. ~ “| BISGBS heres s advan 1 X 10&4 X 105 11 
Gelatin. 4025 6i44+2i5awra eevee. de20 971. <0? dieliewévieds 1X 10-5 X 105 |} 12 
Gelatiny ju diecscu jeteueeeiens tea sd2-Dee. -) “O=95 dhws bee Modulus as function of | 13 


molecular weight 
eee 2.3 X 103-1.2 X 101° |14-19 


TIA 6 eStats ear hdd ee Rg Modulus as function of time and temperature | 20 
Rubber-organic solvents...........{33: Modulus of various gels of rubber 21 
Cormstarcbsicsices< dena bake ea cese 102120 |s ese saeas 0-400 22 
Tapioca............ ee ne 70-90 |...... .....| 0-450 22 
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2h- i. Anelasticity. A perfectly elastic solid is truly an ideal material. Actual 
materials contain structural imperfections which prohibit 
them from behaving in a perfectly elastic manner. Even 
when the stresses are low enough to ensure that no percep- 
tible permanent deformation takes place the total strain is 
made up of a purely elastic part that is directly proportional 
to the load and a time-dependent but fully recoverable part 
that will vary with the rate of loading and the duration of 
the load. The behavior associated with the time-dependent 
part of the strain has been called ‘“‘anelasticity”’ by Zener, 
who has endeavored to explain this behavior in terms of the 
atomic arrangement and the microstructure of the material. 
_ Anelastic behavior is observed in many ways, depending 
upon the manner in which the material is loaded. Its effect 
may be referred to as elastic hysteresis, internal friction, 
elastic aftereffect, specific damping capacity, or dynamic and 
- static moduli of elasticity. The fact that the term anelas- 
ticity has been limited to the region of no permanent defor- 
Fia. 2h-1. Mechanical mation does not exclude the existence of such behavior at 
model for demonstrat- higher stresses. When a material deforms permanently, 
su Pevans runic aia however, the anelastic effects are overshadowed by and en- 
- gulfed in the plastic behavior. 
In the realm of small deformations a metal or a plastic can be represented qualita- 


1C. Zener, ‘Elasticity and Anelasticity of Metals,’’ University of Chicago Press, 
Chicago, 1948. 
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tively by the mechanical model of springs and dashpots shown in Fig. 2h-1. For the 
anelastic behavior at low stresses the viscosity 71 of the upper dashpot can be con- 
sidered as infinite. The spring with the elastic modulus EH; contributes the purely 
elastic strain. The time-dependent part of the strain comes from the parallel arrange- 
ment of spring EH, and dashpot yz. This model will exhibit, though not in a quantita- 
tive manner, the various anelastic effects of solids. 

If the unit is elongated at a slow rate, dashpot 72 will have little effect in resisting the 
deformation of spring Ez. The static or isothermal modulus of elasticity will be that 
of springs EL; and EF, connected in series. If the unit is elongated rapidly dashpot n2 
will tend to act asa rigid mechanism. The dynamic or adiabatic modulus of elasticity 
will be that of spring FE, acting alone. 

If the unit is put through a constant-rate loading and unloading cycle a hysteresis 
loop will be traced out in the stress-strain diagram. The area of the loop will be pro- 
portional to the amount of energy dissipated in dashpot np. 

If the unit is loaded slowly and then unloaded rapidly the strain will not immediately 
return to zero. What appears to be a permanent strain or elastic aftereffect will be 
observed. The strain will return to zero when the stress trapped in the spring FE, by 
dashpot 72 has been relaxed. 

If a mass is attached to the lower end of the unit and the entire mechanism is 
allowed to vibrate freely the amplitude of vibration will decrease with each cycle. 
The decrease in amplitude of vibration is due to the dissipation of energy in dashpot 
ne. If the springs are linear and elastic and the dashpot behaves in a perfectly viscous 
manner the ratio of the decrease in amplitude for any given cycle to the amplitude at 
the beginning of the cycle will be a constant. This constant is called the logarithmic 
decrement 6, and it is probably the most-used measure of the anelastic behavior of 
materials. 

The logarithmic decrement of actual materials is relatively high for dielectric 
materials and low for metals. Since this quantity depends upon imperfections in the 
atomic structure it will vary with such factors as heat-treatment, grain size, or the 
amount of cold working, and it will be impossible to assign a value to a specific material 
such as steel. The values listed by Kimball! and shown in Table 2h-1 and those listed 
by Gemant? and shown in Table 2h-2 are to be considered as representative values 
which give the order of magnitude of the decrement or internal friction. 

The factors which affect the logarithmic decrement are discussed in detail by Zener 
and by Gemant. The decrement is influenced by such factors as frequency, tempera- 
ture, amplitude, elastic modulus, grain size, annealing temperature, and aging time. 

In general there is not much change in decrement with frequency. Gemant and 
Jackson’ found slight increases in the decrement of ebonite and glass over rather 
narrow frequency ranges (Fig. 2h-2). Gemant shows a slight increase in the decre- 
ment for paraffin wax and a slight decrease in the decrement. for steel (Fig. 2h-3). 
An exception to this rule was found by Rinehart,‘ who reported an appreciable 
increase in the decrement of Lucite at room temperature (Fig. 2h-4). 

Certain materials show steep peaks in the log decrement vs. log frequency curve. 
These peaks are associated with frequencies that correspond to the reciprocal of some 
characteristic time for the material. Such a curve, taken from Gemant and based 
on the work of Zener and Bennewitz and Réotger,® is shown in Fig. 2h-5. In this case 
the peak in the internal-friction curve is due to the diffusion of heat from parts heated 
by compression to parts cooled by tensile stresses.. | 

1A.L. Kimball, ‘‘ Vibration Prevention in Engineering,’ John Wiley & Sons, a New 
York, 1932. 

2A. Gemant, ‘‘ Frictional Phenomena,’’ Chemical Publishing Company, Inc., New York, 
1950. 

3A. Gemant and W. Jackson, Phil. Mag. 23, 960 (1937). 


4J.S. Rinehart, J. Appl. Phys. 12, 811 (1941). 
5K. Bennewitz and H. Rotger, Z. tech. Phys. 19, 521 (1938). 
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The logarithmic decrement usually increases with increasing temperature. The 
viscous behavior changes more rapidly than the elastic properties with temperature, 
with the result that at higher temperatures more energy is dissipated in the dashpot. 

The decrement does not vary greatly with amplitude when the amplitudes are small. 
The decrement increases at higher amplitudes. This is evidence that the viscosity of. 
materials is not of a pure viscous nature. The rate of strain increases more rapidly 
at the higher stresses than the linear viscous law would predict. . 
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points after Bennemitz and Rétger; theoretical 
curve after Zener.) 

Materials with high elastic moduli have lower decrements than those with low 
moduli. There is some evidence to show that the product of the elastic modulus and 
the decrement is nearly a constant value. 

2h-2. Creep. When a material is subjected to the proper combination of high 
stress and temperature it will deform permanently. A representative behavior will be 
produced by the model shown in Fig. 2h-1 if the viscosity of both dashpots 1 and 72 
is finite. The continuing deformation of a material under a constant load is called 
‘“ereep.”’ If the model is loaded with a given load at t = 0 there will be an instan- 
taneous elastic deflection e’ of spring E,, dashpot 71 will deform at some constant rate 
Uo» and dashpot 72 will deform at a decreasing rate.1_ The rate of strain in dashpot 72 

1 A prime (’) on a strain or strain rate indicates elastic deformation; a double prime (’’) 


indicates plastic or permanent strain. The total strain or strain rate, is the sum of the 
elastic and the plastic parts, i.e., 
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TaBLE 2h-1. LoGarirHMic DECREMENTS FOR VARIOUS MATERIALS* 


Material 
Phosphor bronze, cold rolled 


Monel, cold rolled.......... 


Nickel steel, 35% swaged... 


Nickel, cold rolled.......... 
Phosphor bronze, annealed. . 
Aluminum, cold rolled...... 
Brass, cold rolled............ 
Mild steel, cold rolled....... 


Molybdenum, swaged... 


Swedish iron, annealed...... 
Tungsten, swaged.......... 
Zine, swaged............... 
Maple wood............... 
Celluloidic.. 20 Saud sua sletoos 
Tin, swaged............... 
Rubber, 90% pure...... ee 
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* A, L. Kimball, ‘‘ Vibration Prevention in Engineering,’’ John Wiley & Sons, Ine., New York, 1932, 


TaBLE 2h-2. LOGARITHMIC DECREMENT OF VARIOUS MATERIALS* 


Material 


Lead glass........... 
Wood.............. 
Polystyrene........ 
Ebonite........... 
Paraffin wax....... 
‘‘Frictional Phenomena,’’ Chemical Publishing Company, Inc., New York, 1950. 


* A, Gemant, 


Logarithmic 
Decrement 6 
0.6 XK 10-3 


. 150 


decreases because the load is gradually transferred to spring E2 as the deformation 
takes place, and this part of the deformation stops at a strain e, when the spring FE. 


carries the complete load. The creep 
curve for the model and for materials 
which are not stressed high enough to 
cause fracture will have the form shown 
in Fig. 2h-6 (the elastic strain ¢’ is not 
shown). The plastic strain starts at a 
rapid rate but approaches the asymptotic — 
value given by | 


? 


é — 


(2h-1) 


&y + uct 
The shape of the initial part of the 
creep curve or the manner in which the 


- en 
ores 


ot ; 


Plastic Strain 


€ 


7) 
° 


t-Time 
Fig. 2h-6. Typical creep curve. 


curve approaches the asymptote has been studied by Andrade! and by MeVetty.? 


1H. N. da C. Andrade, Proc. Roy. Soc. (London), ser. A, 84, 1 (1911); 90, 329 (1914). 
2P, G. McVetty, Mech. Eng. 56, 149 (March, 1934). 
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Andrade found that the increase of strain during the first part of the test was propor- 
tional to the cube root of the time. 


= pt” (2h-2) 


MeVetty used an exponential relationship to describe the initial deformation. 


=e (1 — e~at) + ult (2h-3) 


When creep tests are made to obtain design data for equipment having long service 
life, and most of the early creep tests were made under these conditions, the major 
part of the strain is accounted for by the ujt term in Eq. (2h-1). The important 
relationship to be established, then, is that between the minimum creep rate u, and 
the stress ¢, and this is the only information reported by many investigations. 

If shorter service times are considered the initial part of the creep curve becomes 
more important, and it becomes desirable to know the relationship between the 
plastic intercept ¢) and the stress ¢. McVetty shows a plot of this relationship for 
the lower stress range where a power function or hyperbolic sine relationship would 
be suitable. 7 


« = Ao™ or « =B sinh =  (2h-4) 


Such relationships indicate that, if the model of Fig. 2h-1 is to represent actual mate- 
rials, spring H, must be nonlinear. At higher stresses these relationships do not hold. 
As the stress is increased a maximum value is reached above which the value of «, 
decreases with increasing stress. 

In the range of strain rates that can be ‘ierated 4 in reasonable testing times the 
minimum creep rate wu, vs. stress ¢ curve can be approximated by a straight line on 


either a double-log or a semilog plot. 
4? 


=Do™ or uw, =u)’ sinh 7 (2h-5) 
; 0 


The hyperbolic sine relationship has been shown by Kauzmann‘ to have some 
theoretical foundation in terms of the ‘chemical rate theory.’”? The power-function 


relationship has the advantage of being more workable from a mathematical point of 


view, but it suffers somewhat from the illogical conclusion that the viscosity of dashpot 
nm. Should approach infinity as the stress approaches zero. Creep properties, like 
anelastic properties, vary with many factors, and compilation of creep data means 
very little unless heat-treatment, grain size, and amount of cold working are also 
specified. A few representative values of the stress required for a creep rate of 107° 
per hour taken from the 1943 compilation of the National Bureau of Standards,? are 
given in Table 2h-3. 

Materials held under constant load during long-time creep tests recover part of their 
plastic strain when the load is removed. According to the model of Fig. 2h- 1 the 
recoverable strain should be equal to «,. In actual practice, however, the recovery is 
usually much less than «, and is generally less than the elastic strain of unloading. 
If after the first unloading and subsequent recovery the specimen is loaded and 
unloaded the new plastic intercept «, and the recoverable strain are approximately 
equal. 

Both constants in either of the expressions of Eq. (2h-5) vary with temperature. 
According to the chemical rate theory of Kauzmann and the various theories based on 
diffusion phenomena the constants D or wi should decrease with increasing tempera- 
ture according to an exponential expression 7 


uy = Cye~ 2/7) (2h-6) 


1W. Kauzmann, Trans. AIME 148, 57-83 (1941). 
2 Mechanical Properties of Metals and Alloys, Natl. Bur. Standards (U.S.) Circ. C447, 


1943. 
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TABLE 2h-3. CreEP Rates FOR VARIOUS MATERIALS* . | 


SOLIDS 
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Material and 
composition 


Aluminum copper alloy, Cu 4.25, 


Mn 0.63, Mg 0.44, Fe 0.52, Si 
0.25 

Aluminum silicon alloy, Si 13.18, 
Ni 3.08, Cu 2.96, Mg 1.04, Fe 
0.53 

Electrocopper 

Deoxidized copper 


Copper nickel alloy, Ni 20.0, Zn 
5.08, Mn 0.69 


Copper tin alloy, Sn 5.99, Zn 5.10, 
Pb 2.33, Ni 0.23, Fe 0.06 

Copper zinc alloy, Cu 96.43, Pb 
0.05, Fe 0.01, Zn remainder 


Carbon steel, C 0.15, Mn 0.46, Si 
0.28 (basic open hearth) 


Carbon steel, C 0.15, Mn 0.50, Si 
0.23 (basic electric furnace) 


Chromium steel, C 0.10, Cr 5.09, 
Mo 0.55, Mn 0.45, Si 0.18 


Molybdenum steel, C 0.22, Mo 
1.06, Mn 0.50, Si 0.13 Gnduc- 
tion furnace) 

Nickel steel, C 0.36, Ni 1.19, Mn 
0.58, Cr 0.51, Mo 0.51, Si 0.22 
(induction furnace) 


Lead 

Magnesium alloy, Al 3, Zn 1 

Nickel alloy, Cu 28.46, Fe 1.24, 
Mn 0.94, C 0.18, Si 0.10 


Condition 


= diam rod, wrought, | 


aged — 


Wrought 


Fully annealed 

3 diam rod, cold 
drawn, annealed 

3 diam rod, cold 
drawn, annealed at 
1200°F 

Cast 


% diam wire, drawn, 
fine-grained 


1 in. diam bar, 
wrought, annealed at 
1500°F, grain size 5-6 
ASTM 

1 in. diam bar, 
wrought, annealed at 
1550°F, grain size 4-5 
ASTM 


1 in. diam bar, _ 


wrought, annealed at 


1550°F, grain size 4-5 
ASTM 

Bar 1; sq. cast, 
annealed at 1650°F, 

grain size 7 

1 in. diam bar, hot 
rolled, normalized at 
1600°F, tempered 3 hr 
at 1250°F 

Grade 2 

Sand cast, + diam rods 

Wrought 


Stress for 


—_——_—_—_—.| 0.001 strain 


Temp 
°C 
150 | 302 
250 | 482 
350 | 662 
205 | 400 
315 | 600 
205 | 400 
205 | 400 
315 | 600 
260 | 500 
315 | 600 
149 ; 300 
205 | 400 
260 | 500 
427 | 800 
538 | 1000 
648 | 1200 
427 | 800 
482 | 900 
538 | 1000 
593 | 1100 
648 | 1200 
| 482 | 900. 
538 | 1000 
593 | 1100 
648 | 1200 
427 | 800 
482 | 900 
538 | 1000 
454 | 850 
538 | 1000 
593 | 1100 
648 | 1200 
43 110 
150 | 302 
427 | 800 
482 | 900 
538 ; 1000 
593 ; 1100 
648 | 1200 


in 1,000 hr, 


psi 


22,000 


5,700 
1,500 
8 800: 
950 


6,700 
20 , 500 


27 , 800 


10,000 
3,000 
50,000 
3,500 
700 
17,200 
3,300 
540 


26 , 800 
16,900 
5,750 
1,800 
620 


15,200 


10,100 
5,850 
2,800 

28 , 000 

20 , 800 

11,200 

40 ,000 

12,300 
3,600 
1,600 

320 
4, 900+ 
30,000 


- 23,000 


3,700 
1,300 
450 


* Mechanical Properties of Metals and Alloys, N atl. Bur. Standards (U.S.) Circ. C447, 1943. 


+ Stress for 0.005 strain in 1,000 hr. 
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TaBLE 2h-3. Creep Rates ror Various MatTeEriats (Continued) 


Temp Stress for 

Material and oe —_—_§————| 0.001 strain 

composition Condition , in 1,000 hr, 
°C on =< 

psi 

Zine alloy, Cd 0.3, Pb 0.3 Rolled, soft, tested 20 68 10,100 
: parallel to rolling - 40 |. 104 8,000 
direction 60 140 6,300 
Zine alloy, Cd 0.3, Pb 0.3 Rolled, soft, tested 20 68 | 15,400. 
perpendicular to roll-| 40 | 104] 12,100 


ing direction 60 140 8,000 


This has been checked experimentally over reasonably wide temperature ranges. 
The constant oo, in the lower stress range, usually decreases slightly with increasing 
temperature. If the constant m changes with temperature caution must be observed 
in extrapolating toward regions where the curves for two different temperatures would 
Cross. 


21. Astronomical Data 


R. BRUCE LINDSAY 


Brown University 


TABLE 21-1. PLANETARY ORBITS* 


| Mean distance to aWacsatmaiaad Inclination 
Planet sun, P : to the Eccentricity 
ate mean days ee 
million km ecliptic 
Mercury.......... 57.9 87 .97 7°00’14”" | 0.2056 
Venus............. 108.1 224.70 3°23/39” 0.0068 
Earth............. 149.5 365.26 5 aise ahi wie 0.0167 
Mais 0tc acide ads 227 .8 686 .98 1°50’60” 0.0934 
Jupiter............ 777.8 4,332.58 1°18/20” 0.0484 
Saturn............ 1,426.1 10,759.20 2°29'25"" 0.0557 
Uranus............ 2,867.70 30,685.16 0°46’23”" 0.0472 
Neptune.......... 4,493 .63 60 , 189.56 1°46/27”" 0.0086 
Plt... 6 cca ce ceca 5,907.90 90 , 737 .07 17°08’38” 0.2486 


* Taken from the ‘‘American Ephemeris and Nautical Almanac” for the year 1955, Government 
Printing Office, Washington, D.C., 1952. 
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TABLE 2i-2. PuysicaL DATA FOR THE PLANETS AND THE Moon* 


Mean Mean Surface weoely Rotation 
Mass : ; O . 
Planet (Earth = 1) diam density,| gravity aseapes period, 
(Earth = 1)} g/cm? | (Earth = 1) ieee days 
Mercury..... 0.054 0.38 5.46 0.38 4.3 88 .0 
Venus........ 0.814 0.97 4,96 0.87 10.4 15-30(?) 
Earth........ 1.000 1.00 5.52 1.00 11.3 1.00 
Mars........ 0.107 0.52 4.12 0.39 5.1 1.03 
Jupiter....... 318.35 10.97 1.33 2.65 61.0 0.41 
Saturn....... 95.3 9.03 0.71 1:17 | 36.7 0.43 
Uranus....... 14.58 3.72 1.56 1.05 22.4 0.45 
Neptune..... 17.26 3.38 2.47 1.23 25.6 0.66 
Plutoewsd:iaw's <0.1 0.45 <5.5(?) | <0.5(?) <5.3(?)} (2) 
Moon........ 0.012 0.27 3.33 0.16 2.4 27.3 
* Taken from “Smithsonian Physical Tables,’’ 9th ed., 1954. 
TABLE 21-3. MISCELLANEOUS ASTRONOMICAL CoNSTANTS* 
Mean solar day...............000e cease 86,400 sec = 1.0027379 sidereal day 
Sidereal. day. «2 .<0s0-s0 50 cb4e bese cow es 86,164.09054 mean solar sec = 23 hr 
56 min 40.09054 sec mean solar time 
Mass of the earth.................0008. 5.975 X 10?’ g 
Mass of the sun....................0.5. 1.987 X 108 g 
Mass of the moon..... bettas das ia athe 7.343 X 10% ¢ 
Moon’s mean distance from the earth.... 384,400 km 
Moon’s sidereal period.................. 27.322 days 
Earth’s orbital velocity................. -18.5 miles/sec , | 
Gravitation constant G................. (6.670 + 0.005) * 10-8 dyne cm? gram~? 
Acceleration of gravity g................ 978.0495 cm sec~? (sea level at equator) 
Precession of the equinoxes.............. 50.2564 + 0.000222(¢ — 1900) in seconds 
of arc per year (¢ = year in question) 
Sun’s diameter...............000ceeeuae 864,408 miles ee - 
Solar parallax........ Ma aiaian tines dere 8.80 seconds of are 
Sun’s mean density............... woe... 141 g/em? | 
Sun’s radius.................. sb tra 6.965 = 107° cm | | 
Obliquity of the ecliptic................. 23°27'8.26"" — 0.4684(¢ — 1900)” 


* Taken from ‘‘ Smithsonian Physical Tables,’’ 9th ed., 1954. 


2}. Geodetic Data 


W. A. HEISKANEN 


The Ohio State University and the Finnish Geodetic Institute 


2j-1. List of Symbols 


equatorial radius of the earth 

polar radius of the earth 

flattening of the meridian 

eccentricity of meridian ellipse 

earth’s radius 

meridian radius of curvature 

east-west radius of curvature 

length of are along the geoid’s surface 

angle subtended by arc at center of earth 
deflection of the vertical 

meridian component of deflection of the vertical 
east-west component of deflection of the vertical 
distance between geoid and ellipsoid or undulation of geoid 
astronomical latitude 

astronomical longitude 

astronomical azimuth 

geodetic latitude 

geodetic longitude 

geodetic azimuth 

gravity anomaly = g. — vy 

theoretically computed acceleration of gravity 
observed acceleration of gravity reduced to geoid level 
gravitational constant 


Vo Skee Se eS es ere 


2j-2. Principal Problems of Geodesy. The principal task of geodesy is to deter- 
mine the size and shape of the earth or, as we often say, the dimensions of the earth, 
and to measure and compute control points for the mapping and charting work. 
When we have only a small area to survey, as, for instance, a city, we can use a plane 
as representative of the earth. When larger areas are concerned, we must consider 
the curvature of the earth, i.e., we have to carry out the computations along the sphere. - 
In case a whole country has to be mapped, we must use instead of a sphere an ellipsoid 
of revolution, or reference ellipsoid. Lastly, if we have to connect different countries 
and different continents with one another, we must know how big the differences are 
between the used reference ellipsoid and the equipotential surface of the earth, or 
geod. 

Much has been written also about the triaxial earth ellipsoid, but this, if in fact it 
exists, has only scientific significance; it has no value for practical purposes. 

Until the last few decades we have used the reference ellipsoid of revolution. It is 
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known, of course, if we can determine two of its parameters, for instance, equator 
radius a, and flattening a, of the meridian. The flattening a is a = (a — b)/a where 
b is the polar radius of the earth. From the two quantities a and a we can compute the 
eccentricity e of the meridian ellipse as well as the important radii of the curvature at 
different latitudes and in different directions on the ellipsoid. 

In order to be able to determine the dimensions of the earth, we have to solve two 
problems. First is the geodetic problem, i.e., to measure in some direction the length 
of arc / of a great circle along the earth’s surface. Earlier these arcs were in general 
measured at or close to the meridian direction. Now it does not make any difference 
in which direction the arcs are measured, because we can determine the geographic 
longitude with nearly as high accuracy as the latitude. The measurement of the 


Fiqa. 2j-1. Mass surplus of the mountains and the mass deficiencies of the oceans bring 
about the undulations N of the geoid and the deflections of the vertical £. 


Geoid 4g>o 


Fig. 2j-2. The mass anomalies Am (surpluses or deficiencies) bring about the gravity 
anomalies Ag, the undulations N, and the deflections of the vertical —. Ag can be observed, 
N and £ computed using Ag. 


central angle v corresponding to the arc is the astronomic problem. By the aid of I 
and v, the earth’s radius F will be obtained from the formula 


R=-_ | (2j-1) 


where v is given in radians. 

If the measured arc is sufficiently long, or if we have different arcs, we can compute 
not only the radius a of the equator, but the flattening a as well. The arcs / have been 
measured by the aid of triangulation since 1615, when the Dutch scientist Willebrord 
Snellius used it for the first time. The corresponding central angle v can be observed 
by different types of astronomical measuring instruments. We can anticipate that, 
by the aid of the arc-measuring method, we shall obtain rather accurate values for the 
constants aanda. The list of the dimensions of the reference ellipsoid computed by 
different authors and by the aid of different material (Table 2j-1) shows that the 
different a values agree quite well but that the a values may differ as much as some 
hundreds of meters. This discrepancy is brought about by the fact that the geoid, 
to which we refer our geodetic measurements, is not the same as the reference ellipsoid. 
Quite on the contrary, it has “humps” and “‘hollows”’ as compared with the reference 
ellipsoid. Figures 2j-1, 2, 3 show why this is so. Figure 2j-1 shows that the visible 
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TABLE 2j-1. DimENSIONS oF THE EartH ELLIPSOID 
(a2 = equator radius; a = flattening of the meridian) 
From Are Measurings 


Author Year a. 1/a 

Bouguer, Maupertuis............ 1738 6,397 ,300m| 216.8 
Dela mbres tse resws awe be eee 1800 6 ,375, 653 334.0 
Walbeck....... Ore ee ee 1819 6,376, 896 302.8 
Everestut.ocu.sccvwn Sieweuee ees 1830 6 377 ,276 300.8 © 
AIGY. eho beset ee eee ed te 1830 6 ,376 ,542 299.3 
Bessel........ Malabar mene hatte 1841 6,377 ,397 299.15 
ClAtk Oeics ahs Sine smaeieeans Pest 1857 6 ,378 ,345 294 .26 
PIA 6048 he ke eee eG eee 1863 6,378 , 245 295.3 
Clath@ccasi ie cia dt eee sensu 2 1866 6,378 , 206 295.0 
Clark Ge. i6225 uy Sha Moh Seats nts 5.8 1880 6,378 , 249 293 .5 
Bonsdorht sies4 see scew ta osias .| 1888 6 ,378 ,444 298 .6 
HaviOrds 2106 nes chine Sete 4 1906 6 ,378 , 283 297 .8 
Helimert:.) feed cy ened ones ee 1907 6 ,378 ,200 298 .3 
HAVIOlG «os ce saghea cee weaes 1910 6,378 ,388 297 .0 
Heiskanene wee aeeaak ax ee Sea ss 1926 6 ,378 ,397 (297 .0) 
Krassowski...... Pe ee ee er 1938 6,378 ,245 298 .3 
JOHTEVSs i it oer keh ee eee taa eee 1948 6,378 ,099 297.1 


1/a by the Aid of Other Methods 


Author 1/a 
Gravimetrically: 
Helmert............... 299.25 
Ivanov..........-.+-6- 297 .2 
Helmert............... 298 .2 
Bowie..............--. 297 .4 
Berroth............... 297 .4 
Helmert.....h465. 60.402. 296.7 
Heiskanen........... ae 297 .4 
Heiskanen............. 297.0 
Heiskanen...... ee ee 298 .2 
Niskanen...........-.. 297 .8 
Astronomically: 
de Sitter............ is 296 .96 
de Sitter.............. 296.75 
Bullard............ aa 297 .34 
Jeffreys........ SRuitie: bk 297.10 
Spencer-Jones.......... 296.78 


topography, mountains, and oceans bring about irregularities to the geoid. According 
to Fig. 2j-2, similar irregularities will also be caused by the invistble mass anomalies. 
They (Figs. 2j-1 and 2j-2) show also that the normal of the ellipsoid and the normal 
of the geoid or plumb line will in general not have the same direction. The angle 
between these normals is the important deflection of the vertical 6. It cannot be 
observed itself, but only its meridian component & and east-west component 7. We 
have, of course, the equation 6? = & + 7%. : . 
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Figure 2j-3 shows that, if the measured arc is in the area where the geoid is above 
the ellipsoid, we get too small dimensions R» for the earth’s ellipsoid. In case the 
geoid is under the ellipsoid, we generally get too large dimensions R,, while the correct 
radius is Ro. | 

2j-3. Different Geodetic Systems. The geodesist is, in a way, in an embarrassing 
situation. He has to reduce his triangulation, gravity measurements, and eleva- 
tion determinations to sea level, i.e., to the geoid. But he must make his geodetic 
computations of the coordinates along the regular reference ellipsoid. In order to 
eliminate this “dualism” he ought to know the deviations between these two surfaces, 
i.e., the distance N and the tilting 6 between them. 


Ellipsoid 


rad 
maw 


Fra. 2j-3. Because of the undulations N of the geoid we get the wrong dimensions for the 
earth’s ellipsoid. Arc AB, which is below the ellipsoid, gives too large a reduction R1; 
arc BC, where the geoid is above the ellipsoid, gives too small a reduction R:2; the correct 
value is Ro. Even if we ‘‘smooth”’ the effect of the undulation N by the aid of isostatic 
reductions, we cannot quite eliminate this source of error. Likewise, the arc ED gives too 
small a reduction and the arc FG too large a reduction. 


The general procedure for solving this problem has been the following: We carry 
out the triangulation, and make astronomical observations, i.e., the astronomical 
latitude $4, longitude \j, and azimuth Aj, at one triangulation point. Starting from 
this initial point of the geodetic datum we compute along the reference ellipsoid the 
coordinates ¢ and \ and azimuth A of the successive triangulation points. These 
geodetic coordinates are referred to the used ellipsoid and they will be used as control 
points for practical mapping work. If the astronomical coordinates ¢’ and )’ and the 
astronomical azimuth A’, which refer to the geoid, have been observed, not only at the 
initial point but at other triangulation points as well, we get the deflections of the 
vertical components at all such triangulation points. The following equations give 
the meridian component ¢ and the east-west component 7: 


t= $'—¢ 


n = (Nv — \) cos (2}-2) 
or n = (A’ — A) cot ¢ 
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As we see, we get 7 from the longitude differences (X’ — \) as well as from the azimuth 
differences (A’ — A). Between them there exists the Laplace equation 


Tee oe ee ne (2-3) 


These quantities £ and 7 can be computed at all astronomical points of the measured 
arc. Assuming that they can be used as observation errors, we correct the quantities 
a and a, so that the square sums Zé? or 27? or the sum 2=(E? + 7?) will be minimum. 
- Weuse Dé? = min if the arc is measured mostly on the meridian direction, 2)? = min 
if it goes in an east-west direction, and 2(é? + 7?) = min if the arc is oblique. 

Depending on what reference ellipsoid we use or what point we take as the initial 
point, we obtain different geodetic systems. In order to determine a geodetic system 
we need five quantities: the equator radius a, the flattening a, the latitude ¢o and 
longitude Xo, as well as azimuth Ao at the initial point. That means we must have an 
initial point from which to compute, a direction in which to compute, and a surface 
along which to compute. If only one of these quantities changes, the entire geodetic 
system will change too. This fact explains why we have so many geodetic systems. 

We have seen that different reference ellipsoids have been computed. We must use 
some of them. In America the ellipsoid of Clarke of the year 1866 has been used; in 
Russia, the ellipsoid of Krassovski of the year 1938; and in most other countries, the 
ellipsoid of the American geodesist John F. Hayford from the year 1910 has been used. 
The last one was accepted in the International Geodetic Congress at Madrid, 1924, as 
the international ellipsoid. | 

The mission of this decade is to standardize the geodetic computations of the world, 
i.e., to determine the reference ellipsoid and the accurate coordinates and azimuth 
0, 0, and Ao, of the initial point, to be used in all countries. Only in this way can we 
rid ourselves of the confusion brought about by the different systems. The conversion 
of the geodetic systems of one continent can possibly be ‘carried out by classic triangu- 
lation methods. In order to convert the geodetic systems across the oceans to the same 
world geodetic system, we need other methods, because triangulation fails on the oceans. 

2j-4. Different Methods for Determining the Size and Shape of the Earth. These 
methods are partly electronic, partly astronomical, and partly gravimetrical. The 
Shoran measurements can span small seas. They can join to the same system, for 
example, different islands and the coastal areas around the Gulf of Mexico and the 
Caribbean Sea. They can also be used successfully in the Arctic areas. However, 
at least so far, they have failed in measurements across oceans. 

In order to get distances across oceans, we must use either the gravimetrical method 
or celestial triangulation. In all three celestial techniques, the solar-eclipse method, 
the occultation method, and the moon-camera method, i.e., photographing the moon 
with the neighboring stars on the same puotograpnte plate, we use the moon as one 
triangulation point. 

In the solar-eclipse method the total eclipse of the sun brought about by the moon is 

used. We know that the moon’s shadow travels along the zone of totality approxi- 
mately from west to east. “When we know the exact distance of the moon (and the 
sun), we can compute the exact speed of this shadow in different parts of the zone of 
totality. If, in addition, we determine by the aid of modern sound-film techniques 
the time points when the totality of the eclipse either begins or ends at one western and 
one eastern station, we can get the exact time which the shadow of the moon requires 
to travel from the western observation point to the eastern one. By the aid of this 
travel time and the speed of the shadow it is possible to compute distances between the 
observation points, quite regardless of whether the points are on the same or different 
continents. 

If the moon’s topography were well known, this method would give an accuracy of 
about 30 m for the distances between the continents. | 
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The star-occultation method issimilar. Wehave to observe at only two different points 
as accurately as possible the times when a star disappears behind the moon’s limb or 
reappears from behind the limb. As the distance to the moon M is not infinite, this 
phenomena will be seen in different parts of the world at different times. When we 
make such observations from two different observation points A and B, we get celestial 
triangle ABM. As the distance of the moon is known, the distance AB along the 
earth’s surface can be obtained. The more accurately the time of the occultation can 
be obtained, the more stars that are used, and the better we know the moon’s distance 
at the observation moment, the more accurate are the results. 

A technique based on the direct photographing of the moon has been developed at 
the Naval Observatory by Markowitz. In this method the moon and the neigh- 
boring stars are photographed on the same plate. It was not used earlier because the 
stars require time to make images on photographic plates. During the exposure time 
the moon had changed its position so much that its image was hazy. Markowitz 
has developed a device by the aid of which the relative movement of the moon in 
respect to the stars can be stopped for the exposure time. In this way, the pictures — 
of the stars are quite clear. We have only to measure the distances of the different 
distinguishing points of the moon’s limb from the neighboring stars. Thus we get the 
exact position from the moon as observed from different points of the earth’s surface. 
Needless to say, this promising method can be used on any clear moonlight night and 
on any continent. 

Arc measurements give us several arcs on many continents. By the aid of celestial 
methods we can have such geodetic yardsticks also across the oceans. If we still knew 
accurately the central angle v which corresponds to these different measured arcs, we 
would be able to get the dimensions of the earth with high accuracy. 

In order to get the central angle, we must measure astronomically ¢’ and )’ and cor- 
rect them because of the deflection of vertical components £ and 7, at least at the end 
points of the different arcs. The quantities and 7 can now be determined by the aid 
of the gravity anomalies. , 

The gravity anomalies Ag, the deflections of the vertical ~, 7, and the undulations N 
of the geoid are brought about by the same cause, by the disturbing masses Am of the 
earth’s topography and the earth’sinterior. The gravity anomalies can be measured, 
and the deflections of the vertical as well as the undulations of the geoid can be 
computed. 

Thus, we get at the end points A and B of the arc, the deflections of the vertical ¢ 
and 7 astronomic-geodetically as well as &,, 7, gravimetrically (the index g refers to the 
gravimetric method). The quantities — and » depend on the used dimensions of 
the reference ellipsoid: &, 7, are independent from it. If the residuals ( — &,) 
at the points A and B and likewise the residuals 7 — n, are approximately equal, the 
used reference ellipsoid is good. If systematic differences exist, we have to correct 
the.dimensions of the used ellipsoid so that the systematic differences disappear. In 
_ this way, every measured arc gives a correction to the used a and @ values of the refer- 
ence ellipsoid. By the least-square method, the most probable corrections to the 
earth’s ellipsoid can then be computed. 

The flattening value @ itself can be obtained directly from gravity anomalies and 
also by astronomical methods. The precession of the earth is brought about by the 
flattening of the earth, or, more accurately, by the differences between the polar and 
equatorial moments of inertia C and A. When we know the precession constant 
accurately and make logical assumptions about the mass distribution of the earth, we 
obtain accurate values for a. 

_ Also, the irregularity of the moon’s revolution around the earth renders the flatten- 
ing of the meridian. In our list, the a values obtained by different methods are given. 

2j-5. The Constants of the International Ellipsoid and of the International Gravity 
Formula. If the earth were homogeneous, the equilibrium figure of the rotating earth 
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would be an exact ellipsoid of revolution. Because the mass density of the earth 
increases toward the earth’s center, the figure of the earth will not be an ellipsoid, but 
another body, a spheroid, which differs from the ellipsoid very little. Depending on 
what hypothesis concerning the inner constitution of the earth is accepted, we get 
different spheroids. They are closely related to the gravity formula, which gives the 
normal acceleration of gravity y at any part of the earth’s surface. 

The gravity formula, if we neglect the longitude term, is of the form 


y = vel +8 sin? ¢ + e sin? 2¢) (2j-4) 


where yz is the equator value of gravity, 8 the important coefficient of the sin? ¢ term, 
and ¢ depends on the internal constitution of the earth. 
Between the quantities 6 and a, we have the following relation: 


ate =m —al(atS)t+a (25-5) 


where m is the ratio between the centrifugal force and gravity at the equator. From 
these coefficients, «, 6, and m are small quantities of first order; 6 is of second order. 

Equation (2j-5) gives the famous Clairaut’s formula, which often is shown in the 
approximate form 


a= 6 (2j-5a) 


The small quantity of second order, 6, determines the type of the spheroid and is 


is Ne ee ee 


: (2}-6) 


If we put 5 = 0, we get a spheroid, often called the normal spheroid, which is geo- 
metrically a surface of the fourteenth degree. 

Helmert introduced the terms with 6, which he computed from the hypotheses of 
Wiechert and Darwin concerning the internal structure of the earth. He got the 
values 8 = 0.0000125 and « = —0.000007 and a spheroid which differs from the 
ellipsoid of revolution of the same axis most at latitude 415°, by only 3m. | 

Also the ellipsoid is one of the spheroids, 1.e., where | 


§= a - (2j-7) 


Then the two coefficients of the gravity formula are 


As 5m ” 17am 

Fe ; 
a(5m — a) (2)-8) 

Se =e 


The coefficient 6 can be either determined by the aid of the gravity anomalies or 
computed from Eq. (2j-8), if the flattening a has already been accepted. If we use the 
a value of the international ellipsoid a = 1/297.0, we obtain 8 = 0.0052884 and 
<« = —(0.0000059. In such a way we get the international gravity formula. 


y = 978.0490(1 + 0.0052884 sin? ¢ — 0.0000059 sin? 2¢) (2j-9) 


The unit is cm/sec? or 1 gal (from Galileo). If we use the unit 1 milligal = 0.001 gal, 
we have to push the decimal sign three figures to the right. 
The equator value yz = 978.0490 gal was computed by Heiskanen in 1928. 
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The parameters a and a of the international earth ellipsoid and the parameters yz, 
8, and e determine the geometry of the earth ellipsoid and the normal gravity along it. 
These parameters are 


a = 6,378,388.0 m 
a = 1/297.0 
vr = 978.0490 cm/sec? (2j-10) 
B = 0.0052884 
e = —0.0000059 


The international earth’s ellipsoid and the international gravity formula are in 
agreement. If it seems necessary to change, for instance, the coefficient 8 of the 
gravity formula, then we have to change also the flattening value a of the meridian. 
Therefore, it 1s best to use the international ellipsoid and the international gravity 
formulas until we know exactly how much we have to change 8. The change of the 
equator gravity value yz will do no harm for the reference ellipsoid. 

The gravity anomaly is Ag = go — y, where go is the observed gravity value 
reduced to sea level. The “gravity”? does not mean the gravity force, but the 
acceleration brought about by it. 

The gravity anomalies are, in large parts of Europe and the eastern Atlantic, 
systematically positive; in America and still more clearly in India and northwest 
of it, they are systematically negative. Gravity formulas are therefore computed also 
with a longitude term, which would correspond to the triaxial ellipsoid. On the 
largest gravity material bases, the gravity formula with longitude term is 


y = 987.0524[1 + 0.0052970 sin? @ — 0.0000059 sin? 2¢ 
-+ 0.0000276 cos? ¢ cos 2(\ + 25°)] (2j-11) 


¢@ and 2 are, of course, the latitude and longitude of the point at which the normal 
gravity is needed. According to this formula, computed by Heiskanen in 1938, the 
longitude of the long equator axis, at which longitude the gravity is largest (at the 
same latitude) is 25° west of Greenwich. 

2j-6. Isostatic Equilibrium. The mountains are, in general, no absolute mass 
surplus and the oceans no absolute mass deficiency in the earth’s crust but are com- 
pensated by invisible masses of smaller density under the mountains and by masses of 
higher density under the oceans. Thus at a certain depth the mass unit is subjected 
to the same pressure regardless of whether it is under a mountain, level land, or the 
ocean. This is the meaning of isostatic equilibrium. 

On the assumption that isostatic equilibrium results from the fact that the moun- 
tains rise from the under layer so that the crustal density is smaller the higher the 
mountains (the Pratt-Hayford hypothesis), the hydrostatic equilibrium prevails (i.e., 
the depth of compensation is) according to Helmert, at the depth of 122 km; according 
to Hayford at 113 km, and according to Bowie at 96 km. 

If one assumes that the mountains have sunk deeper in the under layer the higher 
they are,'so that they will have “roots” and the oceans corresponding “antiroots”’ 
(the Airy-Heiskanen hypothesis), the thickness T of the earth’s crust is greater under 
the mountains and smaller under the oceans than under level terrain. The “normal’”’ 
thickness 7’ corresponding to the zero elevation of the topography, as obtained from 
isostatic analysis of the gravity anomalies, is (Heiskanen, 1952) in Norway 32 km, in 
Fergana basin 38 km, in the Carpathian mountains 30 km, in the central Alps 20 km, 
in north Italy 29 km, in South Africa 30-35 km, and in France 30 km. 

2j-7. Gravimetrical Undulations of the Geoid and Deflections of the Vertical. 
To compute the undulations N of the geoid and the deflection of the vertical com- 
ponents £ and n, not only along the measured arcs but in any part of the continents - 
or the oceans, we must know the gravity field of the earth, ie., the gravity anomalies 
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Ag reduced to sea level, in the vicinity of the computation point well and all over 

the world in broad lines. With this information, the undulations N can be obtained 

with the aid of the famous Stokes formula, derived in 1849, as well as the deflection 

of the vertical components using the Vening Meinesz formulas, derived in 1928. 
The Stokes formula can be written as a finite sum: 


1R F 
N=qo » Age i‘ S(y)dq (2-12) 


where R is the mean radius and g the mean gravity of the earth, q a fixed square ele- 
ment on the unit sphere, e.g., 1° K 1°, Ag, the corresponding mean gravity anomaly, 
y the angular distance of g from the computation point, and S(y) the Stokes function 


S(y) = esc (¥/2) + 1 — 6 sin (y/2) — 5 cosy — 3 cos y In [sin (y/2) + sin? (y/2)] 


(2j-13) 
The formula (2j-12) can be written 
N = Xc,Agq (2j-14) 
1R 
aa a , S(p)dq 


Ag, can be taken from the gravity-anomaly map; the corresponding coefficient cg can 
be computed. The summation Zc, Ag, all over the globe will give the distance N. 

The formula for computing the deflections of the vertical component is as follows 
(Vening Meinesz): 


ji — si y+dy 
EM = sin Ap sin At Agy [, Q(y)dy (2j-15) 
eo y y 3 2 ov 
QW) = 2g - cos? 5 | ese 5 + 7 Gn WD) + sin (W/2) + 12 sin 9 32 sin? 5 


iW . 4 W ; 
ee 2¥ ht 2¥ * 
12 sin 9 in (sin 5 + sin *) | (2j-16) 
This formula gives the effect of a compartment between the azimuths Az and A, - 
as well as between the circle rings with the angular distances y and y + dy. Ag, is 


the mean gravity anomaly of this compartment. The formula for 7 will-be similar; 
instead of (sin Az — sin A1) it will be (cos A: — cos Az). 


2j-8. Some Quantities Which Concern the International Ellipsoid 


Equator radius a = 6,378,388 m 
Polar radius 6b = 6,356,911 m 
Polar radius of curvature c = a?/b = 6,399,937 m 
Mean radius (2a + b)/3 = 6,371,229 m 
Radius of sphere of same volume = 6,371,221 m 
Length of meridian quadrant = 10,002,288 m 
Length of equatorial quadrant = 10,019,148 m 
Volume of the ellipsoid = 1,083,319.78 X 10° km’ 
Flattening a = 1/297.0 = 0.00336700 
Ve—e | 
a 


2 — fy2 
Second eccentricity e’ = ve= = 0.08226889; e’2 = 0.00676817 


‘a(2 — a) = 0.08199189; e? = 0.00672267 


Eccentricity e = 


Function W = V1 — e? sin? ¢ 
Function V = V/1 + e” cos? 
Meridian radius of curvature M = a(1 — e?)/W? = c/V3 | 
East-west radius of curvature L = a/W = c/V 
Mean radius of curvaturer = VY ML =a VJ/1 — e?/W2 = c/V2 
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General radius of curvature Ra in the aximuth A will. be obtained from Euler’s 
formula: 
1 _cos?a , sin?a 
Ra M L 
International gravity formula y = 978.0490[1 + 0.0052884 sin? ¢ | 
— 0.0000059 sin? 2¢] 


Normal gravity at equator yo = 978.0490 cm/sec? 
Normal gravity at latitude 45° y,5 = 980.6294 cm /sec? 
Normal gravity at pole yo0 = 983.2213 cm/sec? 

(C — A)/A = 0.003273 = sos 


where C' and A are the moments of inertia about the polar and equatorial axes. 


Mean solar day d = 86,400 sec 
Sidereal day S = 86,164.09 sec 


Angular velocity of the earth’s rotation w = 27r/S = 7.29211585 & 10-5 radian/sec. 


_ Gravitational constant k = 6.673 1078 cm? dynes/g? 
Mean density of the earth pm = 5.517 g/cm 
- Mass of the earth M = 5.975 X 10?’ g 


2k. Seismological and Related Data 


B. GUTENBERG 


California Institute of Technology 


2k-1. List of Symbols 


V velocity of longitudinal wave P 
velocity of transverse wave S 
symbol denoting longitudinal wave 
symbol denoting transverse wave 
bulk modulus or volume elasticity 
rigidity or shear modulus 

density 

Poisson’s ratio 

ratio V/v 

temperature in degrees centigrade, time 
pressure in bars | | 
depth in the earth 

period of seismic disturbance 

symbol denoting surface shear waves 
symbol denoting Rayleigh waves . 
epicentral distance in degrees 


a 
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SH symbol denoting horizontal component of S wave 
SV symbol denoting vertical component of S wave 


} actual angle of incidence at a discontinuity 
8 apparent angle of incidence at a discontinuity 
u ratio of horizontal ground displacement to incident amplitude 


2k-2. Fundamental Equations for Elastic Constants and Wave Velocities. In 
purely elastic, isotropic, homogeneous media the velocity V of longitudinal waves P, 
v of transverse waves S, the bulk modulus k, the rigidity u, the density p and Poisson’s 
ratio « are connected by the following equations: a 


k 4 
y: — “134 tien (2k-1) 
p p | 
yA? —1 V 
poe: peau et ees : 
ae Ta A ; (2k-2) 
| k= p(V? = 50”) = v2p (2k-3) 


TaBLE 2k-1. CorresPonpING VALUES OF Porsson’s Ratio « anp V/v 


« |0.00 |0.10 |0.20 |0.22 |0.24 |0.25 |0.26 (0.28 |0.30 |0.40 | 0.50 
V/v| 1.414} 1.500 | 1.633 | 1.670| 1.710] 1.732| 1.756) 1.809) 1.871 | 2.449; 


i ae 


2k-3. Elastic Constants and Wave Velocities in Rocks (Laboratory Experiments). 
In rocks the elastic constants and the wave velocities usually increase with increasing 
pressure p (Tables 2k-2 and 2k-3) and decrease with increasing temperature ¢ and with 
porosity. Phase changes affect all elastic quantities. At normal pressure, values 
of Young’s modulus have been found! to be as shown in Table 2k-4. Wavelengths 
are usually great enough in geophysics to permit assumption of isotropy. 


TABLE 2k-2. Etastic CoNSTANTS AND WAVE VELOCITIES IN Rocks . 
AT Room TEMPERATURE* 


eerie apt EP TE errr 


My, k, 
1011 dynes/cm? | 101! dynes/cm? y 
Lec eeeueies | V, d, 
C 
4,000 4,000 km /sec | km/sec 
1 at 1 atm 
atm atm 
Dunite............ 43-6 | 65- 2? | 12+ | 0.25-0.30 | 75-85 | 47-44 
Gabbro........ weee| 3-4 4-5 | 6+ 83+ | 0.2-0.3 5-7 | 35-4 
Granite............| 14-22 | 32-34 | 23-35 | 52+ | 0.20-0.26 | 5-6; | 2-33 
Obsidian glass...... 23-3 ? 35+ 33-4 | 0.1-0.2? 5+ | 8yt 
Tee cc dlasdeeeeewe : 4-4 ? 34 ? 0.3-0.4 | 3¢-32 | 15-2 


* F, Birch, ed., Handbook of Physical Constants, Geol. Soc. Amer., Spec. Paper 36 (1942); L. H. 
Adams, Elastic Properties of Materials of the Earth’s Crust, in “ Internal Constitution of the Earth,” 
2d ed., pp. 50-80, 1951. 


2k-4. Periods and Amplitudes of Seismic Waves. Most seismographs have their 
maximum magnification for waves with periods 7’ between 0.1 sec (short-period 
instruments, mainly for nearby shocks) and 15 sec (for teleseisms, especially transverse 
and surface waves); most instruments for recording of artificial explosions in com- 


1F. Birch, ed., Handbook of Physical Constants, Geol. Soc. Amer., Spec. Paper 36, 70 
(1942). —_ . 
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TABLE 2k-3. LONGITUDINAL VELOCITIES, KM/SEC, AT PRESSURES p AND 
TEMPERATURES ¢ CORRESPONDING TO THE DeptTH h IN THE EARTH 
AFTER LABORATORY M®ASUREMENT* 


PD, t, h, Dante Solenhofen | Barrifield | Quincy Cheshire 
bars °C km limestone granite granite | quartzite 
90 25 | 0.33 8.60 6.00 5.85 5.88 6.00 
750 | 100 | 2.8+ 8.77 5.93 6.28 6.17 6.04 
1,620 | 200 | 6.14 8.78 5.84 6.35 6.23 5.83 
2,540 |} 300 | 9.4+ 8.70 5.82 5.59 


*D. S. Hughes, and J. H. Cross, Elastic Wave Velocities at High pressures and Temperatures, 
Geophysics 16, 577 (1951). 


TaBLE 2k-4. Youna’s MopuLus FOR QUARTz AT NORMAL PRESSURE 
(Units 101! dynes/cm?) 


a quartz B quartz 


0°C 570°C 600°C 


1 optic axis............. 10. 9 9.5 

|| optic axis....... career 7 .0 10.7 
mercial work record mainly waves with 0.001 < 7 < 0.1 sec. In longitudinal body 
waves of earthquakes, usually 7’ = 0.1 to 0.5 sec near the epicenter, but shorter 
periods exist. With distance increasing beyond 5,000+ km T' increases to several 
seconds. In transverse body waves the prevailing periods 7 are frequently about 
twice those of the longitudinal; the two waves then have roughly the same length. 
In surface waves of nearby shocks T' is usually a fraction of a second, but longer waves 
(T > 10 sec) are recorded. T' increases with distance; beyond about 4,000 km, sur- 
face waves usually do not contain well-recorded waves with 7 < 12 sec. In major 
shocks the fastest surface waves have periods 7 > 1 min; after traveling a few times 
around the earth (each time in about 2% hr) they frequently start with periods of many 
minutes. | 

- Periods of natural microseisms (continued motion from meteorological sources and 


ocean waves) range from a fraction of a second to a minute or more. The largest 


amplitudes of the most frequent types of microseisms (4 < 7 < 10 sec) are a few 
microns at inland stations on rock and between 10 and 100 » at stations near oceans 
during heavy storms (hurricanes). 

In great distant earthquakes, waves through the earth’s interior may exhibit ground 
amplitudes of over 10 » with T ~ 5 sec, and surface waves may have ground ampli- 
tudes of 10 mm with T ~ 20 sec. Much greater amplitudes occur near the source. 
In motion from not.too close artificial explosions longitudinal waves usually carry the 
largest amplitudes, and even waves through the earth’s core have been identified on 
their records.! ; 

2k-5. Travel Times of Earthquake Waves. Examples of travel times are given in 
Table 2k-5. Surface waves traveling a few times around the earth have travel times 
of several hours. No dispersion has been established for body waves. However, the 
prevailing increase of their velocity with depth results in an increase in wave velocity 


1 B. Gutenberg, Travel Times of Longitudinal Waves from Surface Foci, Proc. Natl. 
Acad. Sci. U.S. 39, 849 (1953). . 
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of surface waves as their wavelength (depth of energy penetration) increases. The 
corresponding group velocity has a minimum! for periods of several seconds, depending 
on the crustal structure. 


TasBiLE 2k-5. TRAvEL Times* (MIN:sEC) OF DtrRect LONGITUDINAL WaveEs P 
AND TRANSVERSE WavEs S THROUGH THE EARTH STARTING AT DEPTH Ah, 
AND OF SURFACE SHEAR WAVES G AND RAYLEIGH Waves A. WITH 
Pgeriops oF ABout 1 MIN (INDEPENDENT OF FocaL DEPTH) 

(A = epicentral distance, deg; P waves arriving at A > 100 deg enter the earth’s core.) 


h = 25 km | h = 300 km h = 700 km 
ee G, ee eek orn ae 
P Ss et P Ss 
0 0:04 0:07 1:20 2:24 
2 0:32 0:55 1:24 2:30 
4 0:59 1:56 ee 1:32 2:48 
10 228-4. geek 4.1 5 2:20 4:12 
20 4:34 8:16 8.3 0 3:55 7:02 
40 7:36 13:42 16.5 9 6:44 12:01 
70 11:12 20:20 28.9 A 10:11 18:20 
100 13:46 25:14 41.3 8 12:37 23:14 
120 18:54 28:00 49 .5 8 17:38 26:01 
150 19:46 | ..... 61.9 2 18:31 
180 20:10 | ..... 74.2 6 18:54 


* B. Gutenberg, Travel Times of Longitudinal Waves from Surface Foci, Proc. Natl. Acad. Sci. U.S. 
$9, 849 (1953); H. Jeffreys and K. E. Bullen, ‘‘Seismological Tables,’’ British Association for the 
Advancement of Science, 1940; B. Gutenberg, and C. F. Richter, On Seismic Waves, Gerlands Beitr. 
Geophys. 48, 56-133 (1934); 54, 94-136 (1939). 


2k-6. Reflection and Refraction of Waves. If a body wave P or S arrives at a 


discontinuity, one P and one S wave are reflected and one of each type is refracted if the 
velocity ratio V,/V; of the reflected or refracted (r) and incident (7) wave permits.’ 


> sin 7; (2k-4) 


where i = angle of incidence. Examples are given in Table 2k-6. Amplitudes of 
transverse waves (vibrations perpendicular to the ray) are frequently resolved into 
two components, SH in the horizontal plane, and SV (with a vertical component) per- 
pendicular to SH. If an SH wave is incident, the reflected wave and the refracted 
wave (if it exists) are always of the SH type. 

If a wave arrives at the earth’s surface (actual angle of incidence 7) a wave of the 
same type is reflected (angle 7), and one of the other type may be reflected [Eq. (2k-4)] 
(see Table 2k-7). As a consequence of these three waves, the apparent angle of 
incidence 7 calculated from records of horizontal H and vertical V instruments 
(tan 7 = H/V) differsfromi. In case of incident transverse waves the particles move 
in ellipses,? if (V sin 7)/v > 1. If an SH wave is incident, the reflected wave has the 
same amplitude as the incident wave, the ground displacement is twice the incident 


1M. Ewing and F. Press, Crustal Structure and Surface-wave Dispersion, Bull. Sets. Soc. 
Amer. 40, 271-280 (1950); 42, 315-325 (1952); 43, 137-144 (1953). 

2 J. B. Macelwane, ‘Introduction to Theoretical Seismology,’’ pt. 1, pp. 156-178, 1936; 
B. Gutenberg, Energy Ratio of Reflected and Refracted Seismic Waves, Bull. Seis. Soc. 
Amer. 34, 85-102 (1944). 

3B. Gutenberg, SV and SH, Trans. Am. Geophys. Union 33, 573-584 (1952). 
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TaBLE 2k-6. Square Root or ENERGY REFLECTED OR TRANSMITTED AT A 
DIscoNnTINUITY witH Density Ratio (UpPER LayER TO LOWER) 1.103, 
CoRRESPONDING VELOcITY Ratio 1.286 ror P aNp FOR S, PoIsson’s 
Ratio 0.25 In BotH LAYERS 
(Incident energy taken as unity. Based on Slichter-Gabriel.* 1-— indicates values 
between 0.95 and 1.0. 7 = angle of incidence. P = longitudinal, 
SV = component of transverse wave in plane of ray) 


Refracted waves _ Reflected waves 
P from SV from P from SV from 


| Above Below Above Below Above Below Above Below 


Pisv| ep |svl ep |svl elsv!l pe lsvi elsvl elsvl els 


0;1- |0.0;)1- |0.0/0.0|0.2/0.0)1- |0.2/}0.0/0.2/0.0;1.0|0.0;0.0/)0.2 
15; 1- |0.1/1- |0.1/0.1)0.1);0.1/1— |0.2/0.1;0.2/0.1}1- |0.1/0.1/0.1 
30}/1-— {O.1;1- |0.1]..../0.2)0.2)1- |0.1)0.1/0.1)0.1/0.9)0.2/0.1)0.0 
45|0.5;0.2;0.9;0.1 0.4}0.3)1-— |0.2/0.0/0.1)0.1);0.9/0.3 0.2 
60 .{(0.3)0.9/0.2 I- |0.9;0.1)0.2;0.1 0.3 
15 .|0.4;0.8/0.3 0.8,0.9'0.1;0.4/0.1 0.5 
90 .|0.0;0.0/0.0 0.0}1.0;0.0/ 1.0; 0.0 1.0 


* B. Gutenberg, Bull. Seis. Soc. Amer. 34, 85 (1944). 


TaBLE 2k-7. Square Roots oF Ratio oF REFLECTED TO INcIDENT ENERGY a 
AT Eartu’s SURFACE AS FUNCTION OF ANGLE OF INCIDENCE 7 AND RatTIo 
or Horizontal wu AND VERTICAL w GROUND DISPLACEMENTS TO 
INCIDENT AMPLITUDE FOR CONTINUOUS SINUSOIDAL WAVES 
Ir Potsson’s Ratio Is 0.25 
(Elliptic motion of ground is indicated by *, and corresponding values for 7 are 
calculated on the assumption that the vertical and horizontal component 
reach their maximum simultaneously.t SV = component of transverse 
wave in plane of ray) 


Longitudinal wave P incident SV incident 

Fn en (Onn ec 
aof P|j|aof SV| u w |i, deg) aof Pj aof SV uU w | t, deg 

0° 1.0 0.0 0.0! 2.0] 0O 0.0 1.0 2.0 | 0.0 0 

20 0.8 0.6 0.8 | 1.9 | 238 0.9 0.4 1.8 | 0.8 23 

30 0.6 0.8 1:2 | 1.7 | 34 1.0 0.0 1.7 1.0 30 

35.3 | 0.5 0.9 1.3 | 1.5 | 39 0.0— 1.0 4.9 | 0.0 +0 
40 0.4 0.9 1.4| 1.4] 44 1.0 0.7* | 1.6* | —64* 

45 0.3 0.9 1.5}; 1.3 | 48 1.0 0.0 1.4 +90 
60 0.0 1.0 1.7 | 1.0 | 60 1.0 0.5") 1.1* 66* 
80 0.1— 1.0 1.3 | 0.5 | 69 1.0 0.3* | 0.5* 59* 
90 1.0 0.0 0.0; 0.0; 71 1.0 0.0* | 0.0* 60* 


+B. Gutenberg, SV and SH, Trans. Am. Geophys. Union 38, 573-584 (1952). 
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amplitude, and 7 = 7. For energy ratios of waves reflected and refracted at the 
boundary of the earth’s core, see Table 2k-8. An SH wave incident upon the core is 
totally reflected. 


TABLE 2k-8. SqeuaRE Roots ofr ENerRGy Ratios ror WAvES REFRACTED 
(REFR.) AND REFLECTED (REFL.) AT THE BOUNDARY OF THE 
EARTH’s CoRE* 

[Assumed at the core boundary: densities 5.4 (mantle), 10.1 (core); longitudinal 
velocities 13.7 and 8.0 km/sec, respectively; transverse velocity in the 
mantle 7.25 km/sec, 0 in core. i = angle of incidence of the 

arriving wave] 


P incident in mantle P incident in core SV incident in mantle 
Refr. | Refl. | Refl. . | Refr. | Refr. | Refl. . | Refr. | Refi. | Refi. 

P P Ss : P ‘| Pp P Ss 
0 0.999| 0.04 | 0.00 0.04 | O 0.00 | 0.00 | 1.00 
20 0.96 | 0.12 | 0.24 | 0.08 | 20 0.50 | 0.39 | 0.78 
40 0.87 | 0.29 | 0.39 0.00 | 30 0.61 | 0.47 | 0.64 
60 0.79 | 0.42 | 0.44 0.10 0.58 | 0.49 | 0.65 
80 10.84 | 0.20 | 0.51 1.00 | 32.0; 0.00 | 0.00 | 1.00 
83.8}0.85 | 0.00 | 0.52 0.53 | 33 0.84)... 0.54 
85 0.85 | 0.10 | 0.52 0.40 | 40 0.92... 0.40 
89 0.60 | 0.71 | 0.36 0.78 || 64 0.55 |... 0.84 
90 0.00 | 1.00 | 0.00 1.00 | 65.0 whe 1.00 


* After S. Dana, The Partition of Energy among Seismic Waves Reflected and Refracted at the 
Earth’s Core, Bull. Seis. Soc. Amer. 34, 189-197 (1944). 

Qk-7. Wave Types and Their Symbols. The main discontinuities of the earth 
(Fig. 2k-1) are its surface, the “ Mohoroviéié discontinuity” (depth 10+ km in the 
deeper parts of the major oceans, 30 + km under the lower parts of continents, perhaps 


MOHOROVIGIC 
DISCONTINUITY 


MANTLE 


Fig. 2k-1. Main discontinuities of the earth. 


up to 60 km under high mountain ranges) and the boundary of the earth’s core at a 
depth of 2,900 + 20km (radiusr = 3,470km). There is doubt whether the boundary 
of the “inner core” (r = 1,300+ km) is a discontinuity or whether the transition 
extends over a zone with a depth range of 100 to 200 km. 

By international agreement longitudinal waves in the mantle are indicated by P 
(starting downward at the source) or p (starting upward), transverse waves by Sor s, 
longitudinal waves through the outer core by K, through the inner core by J, and 
(hypothetical) transverse waves through the inner core by J. P’ = PKP, P” = 
PKIKP. For a source below the surface, there is one reflection at the surface near 
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the epicenter, another about halfway between source and station. The symbols for 
these waves are, respectively, pP and PP, sP and SP, pS and PS, sS and SS. Simi- 
larly, for twice-reflected waves pPP, PPP, etc., are used. Time differences pP — P, 
sP — P, sS — 8S, etc., give a good indication for the focal depth (Table 2k-9).! 
Among waves through the core reflected at the surface of the earth are pPKP, sPKP, 
P’P’ = PKPPKP, P'P'P’ (with a travel time of about 1 hr). 

Waves in the mantle with a reflection at the core surface permit accurate determina- 
tion of the radius of the core. They are indicated by c, e.g., PeP, PcS, ScS ; pPcP, 
ScSScS8, etc., are in addition, reflected at the surface. All these waves have periods of 
1 to 4 sec. Waves reflected inside the core are indicated by PKKP, SKKS, etc. 
Their periods, too, are small (PK KP waves with wavelengths L < 10 km have been 
observed) indicating a sharp boundary of the core. Waves refracted through the core 
(in addition to PKP) are PKS, SKP, SKS, etc. All observed travel times agree 
within a few seconds with those following from the velocities for P, K, and S (see 
Table 2k-11). 


TaBLE 2k-9. Foca, Deptu, KM, OF HARTHQUAKES FOR Given TIME 
DirrERENcEs pP — P, sP — P, anv sS — S ror EPIcenTRAL 
Distances A oF 30, 80, anp 145 pEeG : 
(* indicates that pP, sP, or sS, respectively, does not exist under given conditions) 


Time A = 30 deg A = 80 deg A = 145 deg 
diff., or] 
min:sec | pP — P| sP — P|sS —S|pP — P| sP — P sS — S|pP’ — P'\sP’ — P’ 


OS | ree | ee fo 


2k-8. Equations Used in Calculating Travel Times and Velocities. If 7 = angle of 
incidence (between ray and vertical), r = radius vector measured from center of 
earth, V = velocity, and if quantities at the surface of the earth are indicated by the 
index o, the ray equation is 


rsmi _ ro SiN ip = 
yo Fe ue (2k-5) 


The radius F of curvature of the ray is given by 


_ 4 
~ (dV /dr) sin 7 


If dV /dr = V/r, andi = 90deg, R =r. If V decreases with depth at a greater rate, 
no ray can have its deepest point in the respective layer, and the travel-time curve is 
interrupted. The angle of incidence 7, at the surface at a given epicentral distance 
A is found from 


R (2k-6) 


Snes (2k-7) 
V 


0 
where V = dA/dt. 


1B. Gutenberg and C. F. Richter, Materials for the Study of Deep-focus Earthquakes, 
Bull. Seis. Soc. Amer. 26, 341-390 (1936); see also H. Jeffreys and K. E. Bullen, ‘‘Seismo- 
logical Tables,’’ p. 24, British Association for the Advancement of Science, 1940. 
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The angular distance 6 of a ray section (or the whole ray) and the corresponding travel 


time ¢ are given by 
re tan 7 re dr 
8 = = : ‘ - 
[ Ota t= [ho (2k-8) 


The radius rg to the deepest point of a ray arriving at the distance A in degrees and 
the corresponding velocity Vs are found from 


A 
log rg = log ro — 0.0024127 [i q dA (2k-9) 
where cosh gq = Va/V(A). 


Vee V2 (2k-10) 
To : 


Va = V at the distance A, V(A) is variable as a function of A. Equation (2k-9) can- 
not be used if V decreases suddenly with depth between 7, and rs or if it decreases 
gradually at a rate in excess of that given by dV/dr = V/r.* | 

2k-9. Wave Velocity, Elastic Constants, and Pressure in the Earth. Equations 
(2k-9) and (2k-10) or other methods are used to calculate V and v as a function of r. 
Poisson’s ratio follows from Eq. (2k-2). If the density p is known as a function of 
depth, Eqs. (2k-3) give the bulk modulus k and the rigidity py. The pressure p and 
gravity g are given by 
= sie er dr = oe f pr? dr p= ie g dr (2k-11) 
K = gravitational constant (6.673 X 107* cgs), pm = mean density of the earth 
(5.517 g/cm), ro = radius of the earth (6,371 km) and go = gravity at the surface 
(981 gal). | | 

In sediments (thickness usually < 2 km, but up to 20 km in some basins) the longi- 
tudinal velocity V ranges from 1+ km/sec for sand to 7+ in well-cemented rocks. 
In the continents frequently “granitic rocks,”’ V = 6+ km/sec, are below the sedi- 
ments. Ata depth of 15+ km V and v seem to have minima? (compare Table 2k-3). 
In the next deeper layer in the continents V is usually 65 to 7 km/sec which is, e.g., 
characteristic of gabbro and olivine-gabbro (selected data in Table 2k-10; details 
differ appreciably). In some regions indications of velocities of 7 to 7% km/sec have 
been found immediately above the Mohoroviéié discontinuity. The values found for 
the velocity v of transverse waves corresponding to V = 6+ km /see scatter between 
about 3.0 and 3.5+ km/sec; a few data corresponding to V = 65 km/sec: are near 
3.7 km/sec; below the Mohorovitié discontinuity, see Table 2k-10. 

Below 60+ km no regional differences in V have been established (Table 2k-11). 

2k-10. Intensity, Magnitude, and Energy of Earthquakes, and Related Quantities. | 
The “intensity” of an earthquake refers to the effects of shaking at a given point. In 
the United States the modified Mercalli scale* (I to XII) is used; a few greatly con- 
densed examples follow. 

II. Felt by few persons at rest. 

IV. Felt outdoors by few; some sleepers awakened; dishes, windows disturbed. 

V. Some dishes, windows broken; unstable objects overturned; pendulum clocks 
may stop. | 

VI. Felt by all; some fallen plaster or damaged chimneys. * 


g 


1 For other limitations, see L. B. Slichter, The Theory of the Interpretation of Seismic 
Travel Time Curves in Horizontal Structures, Physics 3, 273 (1932); H. Witte, Beitrage 
zur Berechnung der Geschwindigkeit der Raumwellen im Erdinnern, Nachr. Ges. Wiss. 
Géttingen, Math.-physik Kl., 1932, p. 199. es 

2B. Gutenberg, Low Velocity Layers in the Earth’s Mantle, Bull. Geol. Soc. Amer. 
65, 337-347 (1954); Channel Waves in the Earth’s Crust, Geophysics 20, 283-294 (1955). 

3H. O. Wood and F. Neumann, Modified Mercalli Intensity Scale of 1931, Bull. Servs. 
Soc. Amer. 21, 277-283 (1931). 

* Continued on p. 2-110. 
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TaBLE 2k-10. VeLociry V, KM/sEc, oF LONGITUDINAL WAVES AT SELECTED 
DertH INTERVALS h, KM, OBSERVED IN VARIOUS ReEcIons, 1950—1953* 
(SE = source of energy, AF = artificial explosions, HQ = earthquake, RB = rock 


burst. 


Mis the depth of the Mohoroviéié discontinuity below sea level; 


V mu, vm are reported longitudinal and transverse velocities, respectively, just 


below Mo. 


Corresponding values of Poisson’s ratio are 0.23 to 0.27) 


Region 


N. Germany 


N.W. Germany... 
Black Forest 
Southern Alps.... 


Northern Italy.... 


South Africa 
Eastern U.S...... 
Wisconsin 
So. California 
So. California 
Sierra Nevada.... 
Canadian Shield. . 

Japan. . 


ee ee oe 


eo © © © © ee 


W. “Atlantic Basie. AK 


Pacific Basin 


h V M» 
AE} 2-10 |5.9 10-? 16.7 ? ? 
AE| 6-15+ |5.5+ [15-28 |6.4+ (28+ [8.18 
AE| 1-21 |6.0 21-31 |6.55 [81 8.2 
EQ| 0-35 (|[5.7+ |35-45+16.6+ |454+ {8.1 
EQ 2? |5.2-5.5) ? (6.4-7.040+ |7.8-8.0 
RB| 4-36(?)|6.1 2? (6.8? |36 8.27 
AE| 0-34 |6.3 34 8.2 
AE| 0-5 [6.0 5-15 |6.5+ |45+ [8.1 
AE| #3 (4g 3-42+/6.0-6.9/42+ {8.17 
AE} 1+ 5.8 4-12 |6.1-6.7/32+ {8.2 
EQ ? ? 2 ? = |32-40 +]8.17 
EQ 50+ (8.17 
RB | 0-35(?)|6.23 ? 17.0? 1365 8.18 
AE|15-27 |6.1+ |27-32 17.4 32+ |8.2? 
(Water) 5-10 +|6.7 10+ {8.1 
AE | (Water) 5B-11+/6.8+ |11+ [8.2 


* B. Gutenberg, Wave Velocities in the Earth’s Crust, Geol. Soc. Amer. Spec. Paper 62, 19-34 (1955). 


TABLE 


2k-11. Wave VE tocities V (LONGITUDINAL) AND v 
(TRANSVERSE), KM/SEC 


[Poisson’ s ratio o, Eq. (2), density p, g/cm? (Bullen*), bulk modulus k and rigidity 
z, both in 102 dynes/cm?, Eq. (3), gravitational acceleration g, cm/sec?, and 
pressure p, million atm (Bullen*) in the earth as function of depth, km] 


Depth V 
Mantle: 
50 8.2 
100 8.0 
150 7.9 
200 8.0 
250 8.2 
300 8.3 
500 9.6 
1,000 11.5 
1,500 12.2 
2,000 12.8 
2,900 13.7 
Outer core: 
2,900 8.0 
4,000 9.4 
5,000. 10.0 
Inner core: 
5,400 11.1 
6,370 11.2 


v a p k B g 
4.45. 0.26 |} 3.3 1.3} 0.65 985 
4.4 0.27 | 3.4 1.3 | 0.65 987 
4.35 0.27| 3.4 1.3] 0.64 989 
4.4 0.28 | 3.5 1.3 | 0.68 990 

4B 0.28} 3.5 1.4] 0.71 991 
4.6 0.29] 3.6 1.6 | 0.8 992 
5.3 0.28 | 3.9 2 1.1 997 
6.4 0.28 | 4.7 35 1.9 991 
6.7 0.28) 5.1 45 2.3 979 
6.9 0.29 | 5+ 5 2.6 972 
7:3 0.30) 52 65 3.1 1,000 

No S waves | 0.5 95+ 6+ | » =O | 1,000 
known 0.5 Jit 10+ |assumed 910+ 
0.5 | 12+ | 12+ 630 + 
? | 15? 18? ? 560 + 

? | 15? 18? ? 0 


Ooo © 
CO OS Or 


Oo Oo SO o:'S 
mt 
“IO 


o> 
es) 


ia) 


bo] 


moc) Whe 
| | bo] 
ea 


COLO] bet 
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* K. E. Bullen, ‘‘An Introduction to the Theory of Seismology,’’ 2d ed., pp..212—223, Cambridge, 


1953. 
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TABLE 2k-12. Vaturs or F(A) ann f(A4,h) IN Eq. (2k-12) ror VERTICAL 
Components Z or P anp PP, Horizontay Component SH or S, 
AND HorizontaL CoMPONENT OF Maximum (Max) 

(h = focal depth; A = epicentral distance, deg*) 


h = 25km h = 300 km h = 600 km 


A 

PZ | PPZ| SH | Max| PZ | PPZ| SH PZ | PPZ\| SH 
20 6.3 ‘i 5.9 | 4.0 | 5.0 a 6.0 | 6.1 i 6.0 
30 6.5 6.7 6.1 4.3 | 6.6 5.9 | 6.3 6.2 6.0 | 6.1 
50 6.8 | 6.7 6.6 | 4.6 | 6.5 6.4 | 6.4 | 6.4 | 6.3 6.3 
80 6.8 | 7.1 6.9 5.0 | 6.3 7.0 | 6.6 | 6.5 6.9 6.7 
100 7.3 7.0 7.2 5.1 7.2 6.7 | 6.8 | 7.2 7.0 | 6.8 
160 6.8 5.4 6.6 a 6.7 


* B, Gutenberg, Amplitudes of Surface Waves and Magnitudes of Shallow Earthquakes, Bull. Sets. 
Soc. Amer. 35, 3-12 (1945); Magnitude Determination for Deep-focus Earthquakes, Bull. Sets. Soc. 
Amer. 35, 117-130 (1945). 


VII. Considerable damage in poorly built structures. 

IX. Buildings shifted off foundations; ground cracked. 

XI. Few structures remain standing; rails bent. 

The observed intensity depends on the depth of focus, the ground, the type of build- 
ing, the density of population, etc. The intensity is useful for engineers but not for 
studies of seismicity, for which the earthquake magnitude M is used. Magnitude M 
originally was defined! for Southern California as the common logarithm of the maxi- 
mum trace amplitude expressed in microns with which a seismograph with T' = 0.8 
sec, magnification 2,800, damping 65:1 would record the shock at a distance of 100 km. 
Tables! permit the determination of M. In addition, for A > 15°, M is now found (1) 
from ground amplitudes b (in microns) of surface waves with periods of 20 sec in 
shallow earthquakes; (2) from amplitudes a of P, PP, and S waves in shocks (focal 
depth h) recorded at the epicentral distance A°: | : 


(1) Ms =logb + F(A) (2) Mp =loga —log T4+f(A,h) — (2k-12) 


For F(A) and f(A,h), see Table 2k-12; small station corrections are to be added. The 
amplitudes b of surface waves of length L decrease with increasing focal depth h corre- 
sponding to a factor e~%/L, where g (about 2) depends on crustal structure. 

The energy E corresponding to the amplitude M depends on duration of the shock, 
periods of the motion, depth of focus, etc. To a first approximation, 


log H =m+nM - (2k-13) 


m = 12, n = 1.8 have been used,? but the resulting # was too great, and m = 5.8, 
n = 2.4 are preferable in connection with Mz.’ 

@k-11. Seismicity of the Earth. Earthquakes are divided into shallow shocks 
(h < 60 km), intermediate (60 < h < 300), and deep (A > 300, maximum 720 + km). 
Most shocks occur in narrow belts (Table 2k-14).2, Deep and intermediate shocks are 
limited to the circumpacific belt and the trans-Asiatic (Alpide) belt.* 


1C. F. Richter, An Instrumental Earthquake Magnitude Scale, Bull. Seis. Soc. Amer. 
25, 1-32 (1935). 

2B. Gutenberg and C. F. Richter, ‘Seismicity of the Earth,” 2d ed., Princeton Uni- 
versity Press, Princeton, N.J., 1954. . 

3B. Gutenberg and C. F. Richter, Magnitude and Energy of Earthquakes, Nature 176, 
795 (1955). 

* Continued after Table 2k-17, p. 2-112. 
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Tasue 2k-13. Invensity Jat tHe Epicenter, CoRRESPONDING MaxIMUM | 
ACCELERATION a, cM/suc?, MEAN Rapius r, oF AREA OF 
PERCEPTIBILITY, KM, LOG E or ENERGY, ERGS, FOR A ~ 
Given Maentrupe M, 1x Averacr SHocks 1N 
SouTHERN Cairornia (h = 16+ KM) 
[Values for I, a, r are based on empirical equations, those for log E on Eq: 
> (2k-13) with m = 11, n = 1.6]* 


M 2.2 3 4 5. 6 7 8 85 
I 15/ 281 4.5 62} 7.8] 95] 11.2] 412.0 
a ey | 3 10 |. 36 130 | 460 | 1,670 | 3,160 
> 0 25 55 110 | 200 | 390 740 | 1,000 
log E 14.5 | 15.8 | 17.4 | 19.0! 20.6! 22.2 23.8. 24.6 


*B. Gutenberg and C. F. Richter, Earthquake Magnitude, Intensity, Energy, and Acceleration, 
Bull. Seis. Soc. Amer. 82, 163-191 (1942). Recent values (1955) for log EF using Me and m = 5.8, 
n = 2.4 in Eq. (2k-13) agree within the limits of error with those in Table 2k-13. M , Ms, and Ms 
agree with each other only near M = 6 to7. For details see Nature 176, 795 ( 1955). 


TaBLe 2k-14. NuMBER or SHALLOW, INTERMEDIATE, AND DEEP-Focus 
EARTHQUAKES, % oF Au EARTHQUAKES IN THE Given DepTH 
RANGE, AND CORRESPONDING ENERGY RELEASE (a) IN THE 
Masor Units oF THE Earta AND (b) IN 

| SELECTED AREAS © 


Number, % Energy, % 
Region ae oor eee 
i Inter- Inter- 
Shallow a Deep | Shallow ae Deep 
(a) Circumpacific belt............ 82 91 | 100 75 89 | 100 
Trans-Asiatic belt............. 10 9 0 23 11 | 0.3 
Atlantic and Indian Ocean..... 5 0 0 1 0 0 
All others.................... 3 0 0 1 0 0 
, MObBl es iiireat ence Ginter: -..| 100 | 100 | 100 | 100 | 100 | 100 
(b) Pacific region, Alaska to U.S... 2 0 0 2 0 0 
North and Central America, 

West Coast................ 12 10 0 12 8 0 
South America, western part... 10 19 6 15 9 19 
Kermadec-Tonga Is........... 3 3 41 4 5 | 25 

_ New Hebrides and Solomon Is. 12 20 4 7 18 3 
Marianas Is.................. 2 6 6 1 8 3 
Japan-Kamchatka............ 15 16 35 19 22 44 
Philippine Is.................. | 5 3.) 4 6 2 3 
Celebes-Sunda Is......... eee: ~—68 11 4 6 15 3 
Hindu Kush.................. 0 5 0 ~ 0 6 0 
Asia Minor to Italy........... 2 2 0 1 4 0 

POtals cine seid oA awa calead 71 =| 95 | 100 73 97 100 
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TaBLE 2k-15. (a) MacnitupE M or Greatest Known SxHock (1905-1952) IN 
Derr INTERVALS d, CENTERING AT h; (b) PercenTAGE OF SHOCKS FOR 
THE WHOLE Eartu; (c) CORRESPONDING FREQUENCY FOR SELECTED 
Parts OF THE CIRCUMPACIFIC BELT 


Ty As 11 OE ON ae ee 100 |100 |100 |100 |100 | 50 | 50 
| 1 ene ne eee eer ee 175 | at 375 |475 |575 |650 |700 
(a) Largest observed M....... 8.2; 7.8) 8.0) 7.5) 7.8) 7.6) 6.9 
(b) Number of shocks, %...... 7 2’ 2 2 2 1 s 
(c) Mexico, Central America, 

EAD AS TTS eT 6 1 0 0 0 0 0 
ya 6 (=. ak re eae ere ee 20 5 0 0 4 4 0 
New Zealand-Samoa, %..- 10 6 7 6 | 25 5 5 
New Hebrides—New Guinea, 

Oi tinn tn sang tegen ee wats 20 4 3 1 0 0 0 
Japan—Manchuria, %...... 11 6 | 15 9 6 z 0 
Sunda Arc, %.......- 20 1 4 1 10 2 5 


TABLE 2k-16. AVERAGE ANNUAL ENERGY RELEASE IN ALL EARTHQUAKES 
 wita M < M* | 
(Units 1023 ergs. Ratios of figures are good approximations; absolute values may 
be incorrect by factor 100) 


enn nn daa nnn nnn Sn nnane 


M* 6 7 8 
Shallow shocks..........---+-+:- 0.2 1 5. 
Intermediate shocks............-.- F4 0.2 0.6 
Deep shocks..........---++:5+55 ? 0.05 0.1 


enn 


Taste 2k-17. Maximum, MINIMUM, AND AVERAGE ANNUAL ENERGY RELEASE 
IN EARTHQUAKES 1904-1952* 
(Units 1023 ergs. Accuracy as in Table 2k-16) 


a 


Max Year Min Year Avg 
Shallow shocks..........-.--++++5: 340 1906 9 1954 70 
Intermediate shocks............-.-> 100 1911 1 —— 1988 16 
Deep shocks.............002 0020 ee 75 1906 0.2 Several 3 
All SROCK6 ci) Laci dadthwleiee owen 430 1906 12 1930 90 


* B. Gutenberg, Energy of Earthquakes, Science 122, 876 (1955). 


For the magnitude of the largest observed shock and the relative frequency of earth- 
quakes in various depth intervals, see Table 2k-15, which also shows examples of 
regional differences. | 

2-12. Energy E of Earthquakes. Most calculations of E depend on Eq. (2k-13). 
Estimated errors in log E are +1, but relative values of EF are fairly accurate. The 
shocks of magnitudes over 7 account for most of the total energy release (Table 
2k-16). For annual extreme and average energy release, 1904 to 1952, see Table 
2k-17. The annual energy release by heat flow from the earth’s interior through the 
surface is about 70,000 X 1073 ergs. 7 
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2k-13. Aftershocks and Earthquake Sequences. Investigations by Benioff! show 
that elastic strain-rebound increments in series of earthquake aftershocks follow two 
types of functions: 


(1) Si=A+Blogt (2) 8S. =C— De-Vve (2k-14) 


where ¢ is time from a selected zero point and A, B, C, D are constants of the process. 
(1) was given previously by Griggs for compressional recoverable creep strain, (2) by 
Michelson for shearing creep recovery. For series of earthquakes in certain areas and 
for all earthquakes in certain depth ranges Benioff? has found strain-rebound character- 
istics of forms similar to Eq. (2k-14). Yearly strain rebound in all deep shocks shows 
a decrease between at least 1905 and 1950 following Eq. (1), whereas most great 
shallow shocks have occurred in five active periods. The units of the Pacific belt have | 
different patterns of activity.* | 

_2k-14. Nonelastic Properties of the Earth’s Interior. The strain produced in the 
earth by a tangential stress S in nonelastic processes is frequently expressed to a first 
(frequently poor) approximation by 


y= 5 -n 241 f sat (2k-15) 


where 7 = ur, vy = pd,, w = rigidity, » = coefficient of viscosity, 7 = time of relaxa- 
tion in viscous flow, » = “coefficient of internal friction” or “coefficient of retarded 
elastic motion,’”’ and A, = time of retardation, i.e., the time in which the strain is 
reduced to 1/e in elastic processes, if the stress is removed. y = S/n is Hooke’s law; 
_ the following two terms express, respectively, delaying action (of importance only in 
high-speed processes) and viscous flow (in processes of long duration). 

The distance A* to which seismic body waves (velocity V, period 7’) have to travel 
before their amplitude a is reduced to 1/e of its value is given approximately by‘ 

2V 
A = p?A* (2k-16) 
where p = 2r/T. Observations give A* = 8,000+ km. With p about unity, 
A ~ 107? to 1073 sec and » ~ 10° to 10'° poises. If the whole absorption is a conse- 
quence of internal friction, the waves in traveling from the source (period 7',) to the 
distance A (period 7’) are getting longer and flatter and approximately 
SvA . 

Ta? = T,2 + oVa : (2k-17) 
where p = density. Application of Eq. (2k-17) to observed increase in 7’ indicates 
that , and » depend on the wavelength L. v increases from about 107 to 10° poises 
as L increases from 0.1 to 100 km, and }, decreases from 10-4 to 5 X 10-2 sec. The 
order of magnitude is in good agreement with the result from Eq. (2k-16) and with 
laboratory measurements in which a dimensionless quantity Q is used to indicate 
internal friction: ; | 

1 dE 5 

1H. Benioff, Earthquakes and Rock Creep, Bull. Seis. Soc. Amer. 41, 31-62 (1951). 

*H. Benioff, Global Strain Accumulation and Release as Revealed by Great Earth- 
quakes, Bull. Geol. Soc. Amer. 62, 331-338 (1951). 

3H. Benioff, Orogenesis and Deep Crustal Structure—Additional Evidence from Seis- 
mology, Bull. Geol. Soc. Amer. 65, 385-400 (1954). 

*H. Jeffreys, ‘‘'The Earth,” 3d ed., p. 242, Cambridge Univ. Press, New York, 1952. 

5B. Gutenberg, ‘‘Handbuch der Geophysik,’”’ vol. 4, p. 22, Borntraeger, Berlin, 1932. 

6 B. Gutenberg, “Internal Constitution of the Earth,” 2d ed., p. 385, Dover Publications, 
New York, 1951. 
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where dE = loss of energy per cycle in a vibrating body, HE = total energy, and 
5 = logarithmic decrement of free vibrations. 1/@ has been found from longitudinal 
and transverse vibrations of bars to be of the order of 107? to 10? for rock samples. 
For elastic waves of periods T' traveling ley the earth, the time of retardation is 
approximately given by © ; 
1 

| Ar 70. | | | (2k-19) 
where p = 27/T. For seismic waves with periods of a few seconds, Ay in seconds 
about equals 1/Q. 

‘The most reliable values for the viscosity » in the outer part of the earth’s mantle 
(1022 to 1023 poises!) result from the observed time of relaxation » (8,000+ years) in 
Fennoscandia which is rising to restore the equilibrium | disturbed by the melting of the 
Pleistocene ice masses (maximum thickness about 25 km). 1 may decrease below 
102° poises at a depth of 700+ km, if the discontinuance of earthquakes below this 
depth is due to decrease in viscosity. Jeffreys? estimates that inside the core 7 is not 
over 108 and is probably nearer 10* poises. For numerical values of v, 7, 7 in the earth, 
see Table 2k-18. 

Since 10 km high mountains do not show a noticeable change by flow, it has been 
concluded that their strength (resistance to flow) is 109+ dynes/cm?. This may hold® 
to a depth of 25+ km, but it may decrease below 107 dynes/cm? at 80+ km, since 
gravity observations indicate that, except for recently disturbed narrow crustal belts, 
there is approximately hydrostatic equilibrium at this depth, “‘isostasy.” 


TaBLE 2k-18. ORDER OF MAGNITUDE OF NoNEwastic Constants (a) IN SOME — 
MATERIALS AT THE SURFACE OF THE EARTH, AND (b) aT SELECTED 
3 ‘DeEprus IN THE INTERIOR OF THE EARTH | 
(tr. = strongth resisting viscous flow, in poises; 7 = coefficient of viscosity, in 
poises; r = corresponding time of relaxation; » = coefficient of retarded 
elastic response for elastic waves with periods of 0.1 to 20+ sec, in- 
poises; \, = corresponding time of retardation, sec) 


log T 
.| logy 7]: log 9 log >, 
: Sec Years | 
.(a) Material: 
Solenhofen limestone. . 22+ 105+ 3+] 94 | —25+ 
Gabbro..........-.. 2, ae: aa: ue 97+ | —25+ 
Glacier ice..........5-) -138to14| 384 | -44]° 2. ? 
Flowing lava..... Ror <5+ CP eee say ee “2 
Flowing mud......... | <4 oe ? ‘4 ? 
(b) Depth: 4 ‘i | i 
10 km (continent)..... 22 to 23 11 4+ 9+ |—2to -3 
MOOG Ltcned aes Bo ee 22+ 10 7 9+ {—-2to —3? 
GOO: bad Bee eee edie 20+? 8? 1? |9to10?} -—3+? 
700-2 ,900..:...-..... <20? <7? = | <0? | 10? —3? 
2) 900 ccc sea 5?? id 2 .. | ee 


1B. Gutenberg, ‘Internal Constitution of the Earth’, 2d ed., p. 385, Dover Publications, 
New York, 1951. - oe : 

2 Op. cit., pp. 244, 247. 

3 Jeffreys, op. cit., p. 192. 
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Chesapeake Bay Institute 
The Johns Hopkins University 


41-1. Depth, Pressure, Temperature. The surface of the earth’s crust occurs at 
two prevailing levels, as shown by Table 2l-1. The higher of these levels is the con- 
tinental platform, which, embracing sea level, includes the continental shelf and most 
land. The other, lying about 5 km lower, is the oceanic platform. The three less 
prevalent levels are mountains above the continental platform, continental slopes 


TaBLE 2I-1. Areas or Eartu’s Crust Cuassep ACCORDING TO HEIGHT OR 
DerrH From Sea Leven. AFrer MEINARDUS* 


Proportion in interval Proportion above 


[Highest landt | 8.85 km (314 mbj)] 


Land above 5km.............. 0.1% | 5km (540 mb)................ 0.1% 
Land 4-5 km...... is Pee ot att dase 0.4% | 4km (616 mb)................ 0.5% 
Land 3-4 km.................. 1.1% | 3km (701 mb)................ 1.6% 
Land 2-3 km.................. 2.2% | 2km (795 mb)................ 3.8% 
Land 1-2km.................. 4.5% | 1km (899 mb)................ 8.3% 
Land 0-1 km.................. 20.8% | Okm (1,013 mb)............... 29.1% 
Ocean 0-1 km................. 8.5% | 1 km (1,010 decibars])......... 37.6% 
Ocean 1-2km................. 2.9% | 2km (2,024 decibars).......... 40.5% 
Ocean 2-3 km................. 4.7% | 3km (3,045 decibars).......... 45.2% 
Ocean 3-4km................. 14.1% | 4km (4,069 decibars).......... 59.3% 
Ocean 4-5 km................. 23.9% | 5 km (5,098 decibars).......... 83.2% 
Ocean 5-6km................. 16.0% | 6 km (6,132 decibars).......... 99.2% 
Ocean 6-7 km................. 0.7% | 7 km (7,169 decibars).......... 99.9% 
Ocean below 7 km............. 0.1% 


[Greatest depth§ 


10.86 km (11,216 decibars)] 


* Wilhelm Meinardus, Die bathygraphische Kurve des Tiefseebodens und die hypsographische 
Kurve der Erdkruste (Tabelle 6), Ann. Hydrogr. mar. Meteor. 70, 225-244 (1942). 


+ Mt. Everest. 


{ Presstire according to NACA standard atmosphere. ‘See e.g., Smithsonian Meteorological 
Tables, 6th ed., Smithsonian Misc. Collections 114 (1951). 


{] Sea pressure in water at 0°C, salinity 35 per mille, gravity at sea level being 9.8 m/sec?. 
, Carnegie Inst. Wash. Publ. 88, 1A-36A (1910). 
§ Marianas Trench, adjacent to Mariana Islands, Pacific Ocean. 


Vilhelm Bjerknes, Hydrographic Tables 


Ship Challenger in 1951. 


From 


Soundings from H.M. Survey 


T. F. Gaskell, J. C. Swallow, and G. 8S. Ritchie, Further Notes on the Greatest 


Oceanic Sounding and the Topography of the Marianas Trench, Deep-sea Research 1, 60-63 (1953). 


_1For a more extensive compilation, see Ozeanographie, Landolt-Bérnstein Zahlenwerte 
und Funktionen, 6 Auflage, 3, 426-541 (1952). ; 
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between the two platforms, and trenches below the oceanic platform. The mean 
level of the crust’s surface is 2.43 km below sea level. 

The ocean floor is more rugged than the dry land, at least in large-scale features.’ 
Submarine ridges and numerous seamounts as well as islands rise from the prevailing 
depth, while trenches extend below. The continental slopes are high and steep and 
are cut by deep submarine canyons. 

Pressures in a standard atmosphere and ocean are included in parentheses in Table 
21-1. For the ocean, the quantity tabulated is sea pressure; the total pressure is sea 
pressure plus atmospheric pressure (10 decibars). The units are defined by 


10° dyne/cm? = bar = 10 decibars = 10° millibars 


The upper limit of temperature in the open ocean is rather definite at about 32°C, 
although more than half the ocean surface is warmer than 20°C. The lower limit for 
liquid sea water is the melting point —2°C, The temperature of sea ice ranges from 
0°C down to something like —50°C. 

The warm tropical water forms a relatively thin surface layer, which in the open 
ocean is underlain by cold water from high latitudes. Nearly everywhere in the 
open ocean the temperature at depths greater than 1 km is below 10°C and at depths 
greater than 2 km is below 4°C. 

21-2. Properties of Sea Water. Composition. Sea water, not including the 
suspended particles (inorganic matter, living organisms, and organic detritus), is a 
solution of a‘large number of constituents, which may be divided into four groups: 
water, major solids, minor solids (and liquids), and gases. The major solids are those 
which have appreciable influence on density. The minor solids compose only some 
0.025 per cent of the total solids in typical sea water. 

The major solids are composed of salts that are almost completely ionized, the pro- 
portions by mass being as follows:? 


Met+ —-3..69 SO," 7.68 
Catt 1.16 HCO;— 0.41 
Kt 1.10 Br- 0.19 
Sr?t 0.04 | 


These proportions have been found to be highly constant throughout the ocean except 
where the water is nearly fresh (the salt in river water is very different from sea salt). 
Hence, the measurement of the concentration of any of the major solids in sea water 
permits the calculation of the concentration of total solids. 

The constituent commonly measured (by chemical titration) is the sum of the 
halide ions (Cl-, Br~, I~). The quantity chlorinity is approximately the ratio, by 
mass, of halides to total sample of sea water, but for the precise technical definition 
the reader is referred elsewhere.? Similarly, salinity is approximately the ratio of 
total solids to total sample of sea water, but the definition’ used in practice is the one 
given by the empirical formula 


Salinity = 0.00003 + 1.805 X chlorinity (21-1) 


1P. H. Kuenen, ‘‘Marine Geology,”’ John Wiley & Sons, Inc., New York, 1950; J. T. 
Wilson, The Development and Structure of the Crust, ‘‘The Earth as a Planet,’”’ J. P. 
Kuiper, The University of Chicago Press, pp. 138-214, 1954. 

2H. U. Sverdrup, M. W. Johnson, and R. H. Fleming, ‘The Oceans, Their Physics, 
Chemistry, and General Biology,” Table 33, Prentice-Hall, Inc., New York, 1942. 

3 E.g., Sverdrup et al., op. ctt., p. 52. 

4 Bjgrn Helland-Hansen, J. P. Jacobsen, and T. G. Thompson, Chemical Methods and 
Units, Publ. sci. Ass. Océanogr. phys. 9, 28 (1948). 
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Both chlorinity and salinity are customarily expressed in per mille, meaning 1073. 

The salinity of most water in the open ocean lies between 33 and 37 per mille, and 
35 per mille is often chosen as standard. 

Because the major solids are uniform in composition, the density and some other 
physical properties of sea water depend on only three variables: temperature, salinity, 
and pressure. Some of these properties at a pressure of 1 atm are shown in Fig. 21-1. 

Density and Melting Point. Density at 1 atm is shown in Fig. 2l-la.!_ The effect 
of pressure on the density of sea water of salinity 35 per mille at temperature 0°C is 
as follows: 


Sea pressure, decibars..... 0 {| 2,000 4,000 6,000 8,000 | 10,000 
Density, g/ml............ peOeete 1.03748 |1.04640 |1.05495 |1.06315 |1.07104 


Water that is more saline or warmer is less compressible. 

The temperature of maximum density, shown for 1 atm on the graph, decreases as 
pressure increases. For pure water at 1 atm the decrease is 2.22°C per thousand 
decibars.? 

The melting point decreases with increasing salinity or pressure. The melting point 
depression at 1 atm equals 56.90°C times the salinity according to Miyake?’ and is 
shown as the dotted line on the graphs. The decrease with pressure for pure water at 
1 atm is 0.742°C per thousand decibars.+ : 

Many tables and other aids have been prepared for the routine calculation of 
density and specific volume of sea water. A selection follows. 


References on Calculation of Density and Specific Volume of Sea Water 


Density at a Pressure of 1 Atm 


Knudsen, Martin: ‘‘Hydrographical Tables,’ Copenhagen, 63 pp., 1901. (Range —2 
to 33°C, salinity 2 to 41 per mille.) Part of Knudsen’s can be replaced with the 
following more detailed tables: Matthews, D. J.: “Tables for the Determination of 
the Density of Seawater under Normal Pressure, o;,” Andr. Fred. Hgst & Fils, 
Copenhagen, 56 pp., 1932. 

Kalle, Kurt, und Hermann Thorade: Tabellen und Tafeln fir die Dichte des 
Seewassers (0:), Arch. deut. Seewarte Marineobs. 60 (2), 49 pp. (1940). (Range —2 
to 30°C, salinity 0 to 41.5 per mille.) 

Ennis, C. C.: Note on computation of density of sea water and on corrections for deep- 
sea reversing thermometers, Carnegie Inst. Wash. Publ. 645A, 23-45 (1944). (Range 
—2 to 30°C, salinity 34 to 36 per mille.) 

LaFond, E, C.: Processing Oceanographic Data (Table X), U.S. Navy Hydrographic 
Office, H. O. Pub. 614, 1951. (Range —2 to 30°C, salinity 30 to 38 per mille.) 
U.S. Navy Hydrographic Office: ‘“‘Tables for Sea Water Density,’”’ H.O. Pub. 615, 
265 pp., 1952 (range —2 to 30°C, salinity 0 to 40 per mille.) Recomputed from 
same empirical formulas as preceding tables but expressed to one more decimal 

place (107° g/ml) and tabulated for each 0.01°C of temperature argument. 

Bein, Willy: Physikalische und chemische Konstanten des Meerwassers (pp. 102-103), 
Verdffentl. Inst. Meeresk. Univ. Berlin, neue Folge, A, 28, 36-190 (1935). The 
arguments are temperature (0, 1, . . . , 40°C) and the ratio of density at 17.5°C 
to density of pure water at 17.5°C (1.000, 1.002, . . . , 1.032). This table is based 
on Bein’s own measurements, the most recent. Argument converted to salinity by 


1 Martin Knudsen, ‘‘ Hydrographical Tables,’ Copenhagen, 1901; N. E. Dorsey, ‘‘ Prop- 
erties of Ordinary Water Substance,’’ Reinhold Publishing Corporation, New York, 1940. 

2 Dorsey, op. cit., p. 275. 

3 Yasuo Miyake, Chemical Studies of the Western Pacific Ocean, III, Freezing Point, 
Osmotic Pressure, Boiling Point and Vapour Pressure of Sea Water, Bull. Chem. Soc. Japan 
14, 58-62 (1939). 

* Dorsey, op. cit., Table 267. 
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. SALINITY, PER MILLE -—~ 
Fic. 2I-1. Temperature-salinity diagrams for sea water at 1 atm pressure: (a) density, (b) 
refractive index for sodium light (0.5893 micron) relative to air, (c) sound speed, (d) con- 
ductivity, (e) concentration of nitrogen in equilibrium with 1 atm (1013.25 mb) of air 
saturated with aqueous vapor, (f) concentration of oxygen under same equilibrium con- 
ditions. Freezing point is shown by dotted line; values below it pertain to undercooled 
water. 
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G. Dietrich, Landolt-Bérnstein Zahlenwerte und F unktionen, Ozeanographie 6 
Auflage, 3, 428 (1952). (Temperature 0, 1, . . . , 32°C, salinity 0, 5,... , 40 
per mille.) 


Specific Volume at a Pressure of 1 Atm | 
LaFond, above, Table V. (Range —2° to 30°C, salinity 21 to 38 per mille) 
Density at Greater Pressures 


Ekman, V. W.: Tables for Sea Water under Pressure, Publ. Circ. Cons. int. Explor. 
Mer 49, 48 pp., 1910. [The arguments are density at 1 atm and 0°C, pressure (0 to 
10,000 decibars), and temperature.] 


Specific Volume at Greater Pressures 


Bjerknes, Vilhelm: Hydrographic Tables, Carnegie Inst. Wash. Publ. 88, 1A-36A 
(1910). (Range —2 to 30°C, salinity 0 to 40 per mille, 0 to 10,000 decibars.) 

Subow, N. N., 8. W. Brujewicz, and W. W. Shoulejkin: ‘Oceanographical Tables,” 
Moscow, 208 pp., 1931. 

Matthews, D. J.: ‘‘Tables for Calculating the Specific Volume of Seawater under 
Pressure,’’ Andr. Fred. Hgst & Fils, Copenhagen, 67 pp., 1938. [The arguments are 
density at 1 atm, pressure (0 to 12,000 decibars), and temperature. | 

Sverdrup, H. U., M. W. Johnson, and R. H. Fleming: “The Oceans,’ Appendix, 
Prentice-Hall, Inc., New York, 1942. [The arguments are density at 1 atm, pres- 
sure (0 to 10,000 decibars), temperature, and salinity. ] 

LaFond, above, Tables IV-VII. (Range —2 to 30°C, salinity 21 to 38 per mille, 0 to 
10,000 decibars.) 


Refractive Index. ¥or given wavelength, temperature, and pressure the relation 
between refractive index and salinity is very nearly linear. The graph of refractive 
index for sodium light in Fig. 21-1b is based on the formulas of Utterback et al. The 
formulas have been adjusted slightly to agree at zero chlorinity with the measurements 
of Tilton and Taylor.2. Measurements by Bein® give values higher than those of 
Utterback et al. by as much as 0.00012. The effect of pressure is roughly such that, 
if n is refractive index and p is density, (n — 1)/p is constant for given temperature, 
salinity, and wavelength.‘ : 

Sound Speed. The graph of sound speed in Fig. 2l-1c at 1 atm represents Del 
Grosso’s> formula based on his new laboratory measurements. Since there were no 
measurements at salinities between 0 and 19 per mille, this area on the graph is 
uncertain. Only pure water has been studied at temperatures below 0°C.® 

For greater pressures, Matthews’ and Kuwahara have computed the sound speed c 


1C. L. Utterback, T. G. Thompson, and B. D. Thomas, Refractivity-chlorinity-tem- 
perature Relationships of Ocean Waters, J. Cons. Int. Explor. Mer 9, 35-38 (1934). (Table 
for 0, 5, . . . , 25°C, chlorinity 1, 2, . . . , 22 per mille.) 

2L. W. Tilton and J. K. Taylor, Refractive Index and Dispersion of Distilled Water for 
Visible Radiation, at Temperatures 0 to 60°C, J. Research Natl. Bur. Standards 20, 419-477 
(1938). 

* Willy Bein, Physikalische und chemische Konstanten des Meerwassers, Veroffentl. 
Inst. Meeresk. Univ. Berlin, neue Folge, A, 28, 162 (1935). 

4 Dorsey, op. cit., Table 144. 

5'V. A. Del Grosso, The Velocity of Sound in Sea Water at Zero Depth. Naval Research 
Lab. Rept. 4002, 39 pp., 1952. (Tables for range 0 to 40°C, salinity 0 and 19 to 41 per mille.) 

6R. T. Lagemann, L. W. Gilley, and E. G. McLeroy, The Ultrasonic Velocity, Density, 
and Compressibility of Supercooled H20 and D.O, J. Chem. Phys. 21, 819-821 (1953). 

7D. J. Matthews, “Tables of the Velocity of Sound in Pure Water and Sea Water for 
Use in Echo-sounding and Sound-ranging,’’ 2d ed., H.D. 282, Hydrographic Department, 
Admiralty, London, 52 pp., 1939. (Range —2 to 30°C, salinity 0 to 41 per mille, depth 
0 to 10,900 m.) 

_§ Susumu Kuwahara, The Velocity of Sound in Sea Water and Calculation of the Velocity 
for Use in Sonic Sounding, Japan. J. Astron. Geophys. 16, 1-17 (1938). (Tables for range 
—2 to 30°C, salinity 30 to 40 per mille, pressure 0 to 10,000 decibars.) Kuwahara’s tables 
are reproduced and extended in salinity down to 21 per mille by E. C. LaFond, “ Processing 
Oceanographic Data,” Table XIV, U.S. Navy Hydrographic Office, H.O. Pub. 614, 1951. 
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from c? = (dp/dp)s, which is the adiabatic change of pressure with density and can be 
expressed in terms of known properties (isothermal compressibility, thermal expan- 
sion, specific heat, temperature, and specific volume). Some values for 0°C and 
salinity 35 per mille are as follows:! 


Sea pressure, decibars..... 0 2,000 4,000 6 ,000 8,000; 10,000 
Sound speed, m/sec....... 1,448.6] 1,484.4} 1,519.7] 1,554.2| 1,587.7) 1,620.0 


eter nmr ne A A eee 


Electrical Conductivity. The graph shown in Fig. 2l-1d is based on measurements 
by Thomas.2 Somewhat different results were obtained by Bein.’ Measurements 
have been confined in temperature to the range 0 to 25°C and in pressure to 1 atm. 

Dissolved Nitrogen and Oxygen. The two principal atmospheric gases are differently 
distributed in the ocean. Because nitrogen is highly inert, its concentration is deter- 
mined entirely by contact with the atmosphere. Oxygen is both released and con- 
sumed by biological processes, so that its concentration is much more variable. 
Right at the sea surface, there is equilibrium between the two phases; the nitrogen and 
oxygen in the liquid phase depend on their partial pressures in the gaseous phase, 
while the partial pressure of aqueous vapor depends on the salinity of the liquid phase 
(see below). 

Figures 2l-le and f show the concentrations of nitrogen and oxygen in equilibrium 
with saturated air at a pressure of 1 atm. For a given temperature, solubility 
decreases linearly with increasing salinity. The nitrogen graph has been calculated 
from Fox’s‘ table for pure water and from Rakestraw and Emmel’s® data for sea 
water. The oxygen graph is based on Fox’s* table. For temperatures below 6°C and 
for part of the high-temperature areas, the graphs depend on extrapolation. 

The equilibrium concentration of dissolved nitrogen or oxygen is proportional to its 
partial pressure in the gaseous phase (Henry’s law) up to several atmospheres. As the 
partial pressure increases to 1,000 atm, however, the concentration attains only about 
half the value given by simple proportionality.?. Sea water has not been studied at 
pressures greater than 1 atm. 

Vapor Pressure. The vapor-pressure lowering of an aqueous solution is related to 
the melting-point depression. At the melting point of the solution the vapor pressure 
is the same as the vapor pressure of ice. 

Let e be the vapor pressure of sea water of given salinity and temperature, anid let éo 


1 Kuwahara’s values increased by 3.1 m/sec to gain agreement with Del Grosso’s. 

2B. D. Thomas with T. G. Thompson and C. L. Utterback, The Electrical Conductivity 
of Sea Water, J. Cons. int. Explor. Mer 9, 28-35 (1934). (Table for 0, 5,..., 25°C, 
chlorinity 1, 2, ... , 22 per mille.) 

3 Bein, op. cit., p. 174. 

40, J. J. Fox, On the Coefficients of Absorption of Nitrogen and Oxygen in Distilled 
Water and Sea-water, and of Atmospheric Carbonic Acid in Sea-water, Trans. Faraday 
Soc. 5, 68-87 (1909). (Table 1 gives nitrogen dissolved in pure water from 1 atm of pure 
nitrogen for 0,1, ... , 50°C.) . 

5 N. W. Rakestraw and V. M. Emmel, The Solubility of Nitrogen and Argon in Sea 
Water, J. Phys. Chem. 42, 1211-1215 (1938). (Table 2 gives nitrogen dissolved in sea 
water from 1 atm of saturated air for 0, 1, . .. , 28°C, chlorinity 15, 16, ... , 21 per 
mille.) A personal communication from Dr. Rakestraw states that all values pertain to air 
saturated with aqueous vapor. Data in Table 1 used in present work. 

6C. J. J. Fox, On the Coefficients of Absorption of the Atmospheric Gases in Distilled 
Water and Sea Water, pt. I, Nitrogen and Oxygen, Publ. Circ. Cons. int. Explor. Mer 41, 
23 pp (1907). (Table 11 gives oxygen dissolved in sea water from 1 atm of dry air at —2, 
—1,..., 30°C, chlorinity 0, 1, ... , 20 per mille.) Table reproduced by K. Kalle, 
Landolt-Bérnstein Zahlenwerte und Funktionen, 6 Auflage, 3, 478 (1952). 

7 Dorsey, op. cit., Table 233. 
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be the vapor pressure of pure water at the same temperature. Then 


¢o — © _ 0.537 X salinity | (21-2) 


so the vapor pressure for salinity 35 per mille is 98.12 per cent of that for pure water. 
This formula by Witting! is satisfactory for the range of conditions occurring at the 
natural ocean surface, but for greater salinity or higher temperature the results of 
recent measurements should be consulted.? 

Latent Heats and Specific Heat. The latent heats of fusion and vaporization are 
practically the same for sea water as for pure water. 

The specific heat at constant pressure depends on salinity as follows at 17.5°C and 
1 atm:’ 


15 20 25 
0.958) 0.951) 0.945 


30 
0.939 


39 40 
0.932) 0.926 


Salinity, per mille.| 0 5 10 
Cp, cal g-1 °C... .| 1.000 | 0.982| 0.968 


The changes with temperature and pressure have not been measured. The effect of 
pressure can be computed by use of the thermodynamic formula 


der) _ _ (4% 
=), _. oT). (21-3) 


where v is specific volume and T' is absolute temperature. The following values of the 
decrease in specific heat at 0°C and salinity 35 per mille are from Ekman’s‘ table: 


2,000 4,000 | 6,000 


8,000 | 10,000 
0.0159 | 0.0291 | 0.0401 


0.0492 |; 0.0566 


Sea pressure, decibars.......... 
(Cp)o decibars ~~ Cp) cal got is Oa es 


Adiabatic Temperature Change. This quantity is computed from the thermo- 
dynamic formula 
(FS ad (21-4) 


dT 


The following values for 0°C and salinity 35 per mille are converted from Ekman’s 
paper: 


8,000 
0.159 


10,000 
0.181 


Sea pressure, decibars....... sae 0 | 2,000 
(aT /dp)., °C/1,000 decibars....| 0.035 | 0.072 


Transport Phenomena. The values for a pressure of 1 atm are assembled in Table 
21-2. Measurements with sea water are restricted to viscosity; the other properties 
tabulated under sea water are from measurements with sodium chloride solutions. 
The diffusivities of nitrogen and oxygen are especially uncertain and may be incorrect 
by as much as 15 per cent. 


1 Rolf Witting, Untersuchungen zur Kenntnis der Wasserbewegungen und der Was- 
serumsetzung in den Finland umgebenden Meeren, I, Finnlaindische Hydrographisch- 
biologische Untersuchungen 2, 173 (1908). 

2A. B. Arons and C. F. Kientzler, Vapor Pressure of Sea-salt Solutions, Trans. Am. 
Geophys. Union 35, 722-728 (1954). 

3 Otto Kriimmel, ‘‘ Handbuch der Ozeanographie,’”’ vol. 1, p. 279, Stuttgart, 1907. 

4V. W. Ekman, Der adiabatische Temperaturgradient im Meere, Ann. Hydrogr. mar. 
Meteor. 42, 340-344 (1914). 
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Dynamic and kinematic viscosities and thermal conductivity change linearly with 
salinity. In contrast, both thermal diffusivity (associated with specific heat) and 
diffusivity of sodium chloride go through minima at salinities less than 35 per mille. 


TABLE 21-2. TRANSPORT PHENOMENA IN WATER AT A PRESSURE OF 1 ATM 


Sea water, 
salinity 35 per mille 


Pure water 


Name, symbol, units 


0°C 20°C 0°C 20°C 

Dynamic viscosity, 7, g cm™! sec"! = poise..| 0.017872 0.010022 0.018774 0.010754 
Thermal conductivity, k, watt em=!°C71...| 0.00566¢ 0.00599¢ 0.00563¢ 0.00596¢ 
Kinematic viscosity, » = 1/p, cm? sec™!.....| 0.01787 0.01004 0.01826 - | 0.01049 
Thermal diffusivity,4 « = k/cpp, em? sec—!...| 0.00134 0.00143 0.00139 0.00149 
Diffusivity, D, cm? sec”): 

IN ACL a eee led urn GCG. ehh att cae te delae § 0.0000074¢ | 0.0000141/ | 0.0000068« | 0.0000129/ 

ING rare a ee aS sd et aes ee 0.00001062 | 0.00001692 

Oars oss eke Nk es eee ta ea ele deeb ae 0.000021 
Prandtl number, Np = v/k................ 13.3 7.0 13.1 7.0 


«Yasuo Miyake and Masami Koizumi, The Measurement of the Viscosity Coefficient of Sea Water, 
J. Marine Research 7, 63-66 (1948). Values taken from their Table I and reduced by 0.00007 poise to 
agree with Swindells et al. (Table III presents smoothed values for 0, 1, ... , 30°C, chlorinity 
0,1, ... , 20 per mille.) 

’ J. F. Swindells, J. R. Coe, Jr., and T. B. Godfrey, Absolute Viscosity of Water at 20°C, J. Research 
Natl. Bur. Standards 48, 1-31 (1952). 


eZ. Riedel, Die Wirmeleitfahigkeit von wassrigen Lésungen starker Elektrolyte, Chem.-Ing.-Technik 
28, 59-64 (1951). 


4 Thermal diffusivity is also called thermometric conductivity. 
_¢ Values for 0°C calculated from those at 20°C by use of temperature coefficient of Ls W. Oholm, 
Uber die Hydrodiffusion der Elektrolyte, Z. physik. Chem. 60, 309-349 (1904). 

fA. R. Gordon, The Diffusion Constant of an Electrolyte, and Its Relation to Concentration, J. 
Chem. Phys. §, 522-526 (1937). Gordon used measurements by B. W. Clack, On the Study of Diffusion 
in Liquids by an Optical Method, Proc. Phys. Soc. (London) 36, 313-335 (1924). R. H. Stokes, The 
Diffusion Coefficients of Eight Uni-univalent Electrolytes in Aqueous Solution at 25°, J. Am. Chem. 
Soc. 72, 2243-2247 (1950). ; 

9Gustav Tammann und Vitus Jessen, Uber die Diffusionskoeffizienten von Gasen in Wasser und 
ihre Temperaturabhangigkeit, Z. anorg. Chem. 179, 125-144 (1929). 

bh Tor Carlson, The Diffusion of Oxygen in Water, J. Am. Chem. Soc. 38, 1027-1032 (1911); I. M. 
Koithoff and C. 8. Miller, The Reduction of Oxygen at the Dropping Mercury Electrode, J. Am. 
Chem. Soc, 68, 1013-1017 (1941); H. A. Laitinen and I. M. Kolthoff, Voltnmmmnctry with Stationary 
Microelectrodes of Platinum Wire, J. Phys. Chem. 45, 1061-1079 (1941). 


For pure water, pressure increasing to 10,000 decibars has a nonlinear effect on the 
dynamic viscosity, which decreases at 0°C by 8 per cent and increases at 30°C by 5 per 
cent.1 The thermal conductivity at. 30°C increases linearly with pressure and 
becomes 6 per cent greater at 10,000 decibars.? 

21-3. Gravity Waves. Wave Speed. Most of the ocean is stabilized by a downward 
increase of density, so that internal waves as well ; as surface waves arecommon. Only 
surface waves are discussed here. 

Let Z be wavelength, T be period, and c be wave speed. Then LZ = Tc. Leth be 
the depth of water (undisturbed surface to bottom) and g be gravity. 

For a uniform train of long-crested sinusoidal waves of small amplitude in an ideal 
liquid of uniform depth, in general? 

_ gb h 


= ye tanh 2x > L (21-5) 


For h/L > 1, deep-water waves, the general formula reduces to c? = gL. /2x, and the 


c? 


1 Dorsey, op. cit., Table 86. 
2 Ibid., Table 131. : 
3 See, e.g., C. A. Coulson, ‘‘ Waves,” 6th ed., Oliver & Boyd, Ltd., Edinburgh, 1952. 
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group speed equals half the wave speed. For h/L < 1, shallow-water waves, c? = gh, 
and group speed equals wave speed (there is no dispersion, and any wave form of small 
amplitude is propagated unchanged at this speed). Within 5 per cent, sufficient 
accuracy for many problems, the deep-water formula holds if h/L ~ h/Ly > | and 
the shallow-water formula holds if h/L < yz or h/Lo < 33; Lo is defined below. 


TABLE 21-3. SELECTED TipaL CONSTITUENTS 


' Rela- 
tive 
Speed, |: co- 
Sym- Reiners Period degrees | efficient . 
bol per of 
hour | equilib- 
rium 
tide 
Sa Solar annual h : 0.0411} 0.012 
Ssa {Solar semiannual, |2h . a Oe 0.0821] 0.073 
Mm | Lunar monthly s—pD 7 0.5444) 0.083 
Mf | Lunar fortnightly 2s ; 1.0980; 0.156 
Ki Lunisolar declinational | 7 + h — 90° ‘ 15.0411} 0.531 
diurnal | 
01 =| Lunar declinational | T7 +h —2s+,90° | 25. 13.9430! 0.377 
diurnal 
Pi Solar declinational T —h + 90° : 14.9589). 0.176. 
diurnal | 
Qi Lunar diurnal T +h — 3s + p + 90° 26. 13.3987} 0.072 
Me | Principal lunar semi-| 27 + 2h — 2s , 28.9841) 0.908 
diurnal 7 | 
Se Principal solar semi- | 27 : 30.0000} 0.423 
diurnal : 
Ne | Larger lunar elliptic} 27 + 2h — 3s +p é 28 .4397| 0.174 
semidiurnal | 


Kg _ | Lunisolar declinational |27T + 2h | ) : 30.0821) 0.115 
semidiurnal 


Change in depth along wave rays changes the speed and length of sufficiently long 
waves. Near shore, therefore, waves often experience refraction and accompanying 
convergence and divergence. Such phenomena are conveniently treated by relating 
the speed and length of waves of any given period to the speed and length for the same 
period in deep water, co and Lo. As T = L/c = Lo/co and co? = glio/2x, (21-5) may 
be written 


ae y =tanh2e 2 | (21-6) 


Functions of h/Lo have been presented in an extensive table,} from which the nO OH IE 
values are extracted: 


h/Le.. A : 
c/ceo = L/L. 0| 0.0792 0. 2480 0. 3470 0. 5310 0. .7093 0. 8884 0. ‘9611 0. 9877 0. 9964 1. 0000 . 


1U. g, Department of the eine: Corps of Hngingers: Bulletin of the Beach Erosion Board, 
Special Issue 2, Appendix D, 1953. 
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These elementary results are not suitable for direct application to the irregular 
aperiodic waves in areas of generation by wind. 

Tidal Constituents... The gravitational fluctuations that produce tides can be 
resolved into harmonic constituents. Some are listed in Table 21-3, their periods 
being determined by the constant rates of change of four angles: 


T = hour angle of mean sun (increasing by 15°/hr) 

h = mean celestial longitude of sun (increasing by 0.0411°/hr) 

s = mean celestial longitude of moon (increasing by 0.5490° /hr) 

p = mean celestial longitude of lunar perigee (increasing by 0.0046°/hr) 


2m. Meteorological Data? 


R. J. LIST 


United States Weather Bureau 


2m-1. List of Symbols 


specific heat of dry air at constant pressure 
specific heat of dry air at constant volume 
coefficient of molecular diffusion 
coefhcient of eddy diffusion 
Coriolis parameter : 
acceleration of gravity 
distance; spacing 
pressure 
radius of curvature 
gas constant for dry air 
temperature 
- virtual temperature 
mean virtual temperature 
speed 
geostrophic wind speed 
gradient wind speed 
height 
lapse rate of temperature 
mean molecular speed; mixing velocity 


QO © 
e 68 


a a Sasa sa ba 


~ 
x 


“~~ 2 NY 


1 Paul Schureman, Manual of Harmonic Analysis and Prediction of Tides, U.S. Coast 
and Geodetic Survey, Special Publication 98, rev. ed., 1940; A. T. Doodson and H. D. 
Warburg, ‘‘ Admiralty Manual of Tides,’’ H. M. Stationery Office, London, 1941. 

2 All material not otherwise credited is abstracted from R. J. List, ed., ‘‘Smithsonian 
Meteorological Tables,’’ 6th ed., Smithsonian Institution, Washington, D.C., 1951. This 
publication should be consulted for more complete explanations and additional references. 
For an encyclopedic summary of the current status of knowledge in the principal fields of 
meteorology and atmospheric physics, including extensive references, see T. F. Malone, 
ed., ‘‘Compendium of Meteorology,’’ American Meteorological Society, Boston, 1951.. 
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Xd free path; mixing length 
p density of air 

¢ latitude 

@ geopotential 

(3) 


angular velocity of the earth 


2m-2. Physical Constants 


Pressure at mean sea level, 1 atmosphere 
= 1,013.250 millibars (mb) = 1.013250 X. 106 dynes cm~? 
= 760 cm Hg (at standard gravity of 980.665 cm? sec~? and temperature of 0°C) 
Mass of the atmosphere = 5.14 X 1071 ¢ 
Apparent molecular weight of dry air M = 28.966 
Gas constant for 1 g of dry air, R = 2.8704 X 10° erg gm7! °K7! 
= 6.8557 & 10-2 ITcal! gm7! °K-! 


Specific heat of dry air at constant pressure cp = is = 0.240 ITcal gm~! °K-} 


Specific heat of dry air at constant volume c, = oe = 0.171 ITcal g—! °K~ 


2m-3. Composition of the Atmosphere 


TABLE 2m-1. ComposiITION oF Dry Arr vr to ABout 25 Km ALTITUDE* 


Mole fraction, | Molecular 


Constituent gas Formula o% wt. 


Nitrogen.................-. Ne 78.09 28.016 


ORV GCN ers es deca ceeeas O» 20 .95 32.000 
ATION 2 ine at ig ies oa ea ee Ar .93 39.944 
Carbon dioxidet .03 44.010 
INCOD cid a Mid hb S 5 eee .8 X 1073 20.183 
Helium c.3 Oot bo Ss 36 ORS cw .24 X 107 4.003 
Krypton o3).4 oacete ae Saverre .0 X 10-4 83.7 
Hydrogen .O X 1075 2.0160 
DONO. 6205 15 9. Maney Aven .O X 1076 131.3 
Ozoneft..................2.. .0 K 1076 48 .000 
RadOn Wiss Gonos ects s esse .0 X 10738 222 


* See E. Glueckauf, ‘‘Compendium of Meteorology,’’ T. F. Malone, ed., pp. 3-10, American Meteoro- 
logical Society, Boston, 1951. ; 

ft Variable; see T. M. Carpenter, J. Am. Chem. Soc. 59, 358 (1937); J. B. S. Haldane, Nature 1087, 
575 (1936); G. S. Callendar, Quart. J. Roy. Meteorol. Soc. 66, 395 (1947). 

t Variable, increasing with height. 

{| Variable, decreasing with height. 


2m-4. Geopotential. The geopotential @ of a point at a height z above mean sea 
level is the work which must be done against gravity in raising a unit mass from sea 
level to height z. - 


@ = A g dz (2m-1) 


where g is the local acceleration of gravity at height z. For most meteorological work 
geopotential is measured in terms of the geopotential meter (gpm). By definition, 
1lgpm = 9.8 X 104cm?sec"2. For almost all practical purposes, 1 gum = 1 geometric 


1J%Tcal refers to the “International Steam Tables’’ calorie, which is equivalent to 
sto X 10-3 mean international kilowatthours. 
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meter. Table 2m-2 shows the relationship between geopotential and geometric height 
as a function of latitude. 


TABLE 2m-2. RELATION OF GEOPOTENTIAL TO Geometric HEIcut 


Geopotential meters (gpm) 


Latitude 
10,000} 20,000] 30,000) 40,000} 50,000] 100,000) 200,000] 300,000) 400,000) 500,000) 600,000 
m m m m m m m m m m m 
' 9° 10,036|20, 104 30, 204/40, 336/50, 500/101, 811 206, 9481315 , 5771427 , 874/544 , 029/664, 243 
30° 10,023/20, 077 30, 163 40 , 282/50, 432)}101, 672) 206, 6561315, 115/427 , 225/543, 174/663, 161 
45° 10 ,009|20 , 050/30, 123/40, 228/50, 365/101 , 534 206 , 363/314, 653/426, 576/542 , 318/662 ,080 
60° 9 , 996/20 ;024/30, 083/40, 174/50, 297/101 , 395) 206 ,071)314, 191/425 , 927/541 , 465/661 , 000 


90° 9 , 983/19 , 997130, 043/40, 120/50 , 229) 101,, 256/205, 779/313 , 730/425 , 280/540, 613/659 , 923 


2m-5. Hypsometry. The differential form of the hydrostatic equation, the equa- 
tion. expressing the relationship of pressure p, density p; ane height z, in the atmos- 
phere, is _« te; om Bae at 
dp = —pg dz (2m-2) 


Introducing the definition of geopotential, the hydrostatic equation becomes 
| | | dp = —pd® (2m-3) 


Substituting the equation of state for dry air, introducing the concept of virtual 
temperature (see below), and pera: Eq. (2m-3) becomes 


= RT mv log. =e | ; | (2m-4) 


where A® is the geopotential difference between levels having pressures p1 and po, 
T'my is the mean! virtual temperature of the layer of air between p; and po, and Ff is 
the gas constant for dry air. For temperatures in °K and geopotential in gpm (i.e., 
geometric meters for most prAcuce purposes) Eq. (2m-4) becomes 


= 67.4427 my logio - a -_ (2m-5) 
2 ; Mer 


2m-6. Virtual Temperature. The concept of virtual temperature is introduced to 
take into account the decreased density of moist air when compared with dry air of the 
same temperature. By definition, 7, is the temperature which dry air must have at a 
given barometric pressure in order to have the same density as the moist air at the 
same pressure but at temperature T and with a specified moisture content, provided 
the dry and moist air behave in accordance with the perfect-gas equation of state. 
(The deviation of moist air from perfect-gas behavior can be neglected in most prac- 
tical problems.*?) Table 2m-3 gives the virtual-temperature increment for saturated 
air AT,, Ba T, = T+ AT,. For unsaturated moist air with relative humidity 


U(per cent), T» = T + (U/100) AT,, to a close approximation. 
2m-7. Cane: Rates. The lapse rate y in the atmosphere is defined as the rate of 


decrease of temperature with increasing height (or geopotential), y = —dT/dz. yis 
endinariy eae in °C per 100 m (or 100 gpm). | 


1The ioeariininic mean Javan temperature is required. This quantity can be approxi- 


mated graphically on most standard aerological diagrams: 
2 See List, op. ctt., p. 295. 
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Dry-adiabatic Lapse Rate. Dry. air, or moist air in which the water vapor enters 
into no change of state, which ascends (or descends) adiabatically in the atmosphere 
will decrease (or increase) in temperature at the rate of 0.98°C per 100m. The dry- 
adiabatic lapse rate is therefore 0.98°C/100 m. 


TaBLE 2m-3. VIRTUAL-TEMPERATURE INCREMENT OF SATURATED AIR, °C 


Pressure, mb 


e 1000 900 800 700 600 500 400 300 200 
—40 | 0.02}; 0.02/] 0.02} 0.02] 0.03 | 0.03] 0.04 | 0.06 0.08 
—20 | 0.12/ 0.13 | 0.15] 0.17; 0.20; 0.24 | 0.30; 0.40 0.60 

0 |} 0.64; 0.70} 0.79] 0.91 1.06 1.27 1.59 | 2.12 3.19 

10 | 1.32 1.47 1.66 1.90 | 2.21 2.66 | 3.33 | 4.46 6.73 

20 2.62} 2.92) 3.29| 38.76 | 4.40| 5.29| 6.64 | 8.92 | 13.57 

30 4.97 | 5.53 6.23 7.14 | 8.36 | 10.08 | 12.70 

40 9.03 | 10.06 | 11.36 | 13.05 | 15.33 | 18.57 

50 | 15.90 | 17.76 | 20.11 | 23.18 


TaBLE 2m-4. PSEUDOADIABATIC LapsE RATE FOR THE WATER Staace, °C/100 M 


Pressure, mb 


Temp., 
| i 1000 900 800 700 | 600 500 | 400 | 300 | 200 100 
—50 | 0.966 | 0.965 | 0.963 | 0.961 | 0.959 | 0.955; 0.951 | 0.943 | 0.928 | 0.886 
—40 .| 0.950 | 0.947 | 0.944 | 0.939 | 0.934 | 0.925 | 0.913 | 0.896} 0.863 | 0.775 
—30 0.917 | 0.910] 0.903 | 0.893 | 0.882 | 0.866 | 0.842 | 0.807 | 0.746 | 0.615 
—20 | 0.855 | 0.844/ 0.830] 0.814} 0.794 | 0.767 | 0.730 | 0.677 | 0.596 | 0.454 
—10 | 0.763 | 0.745 | 0.725} 0.701 | 0.672 | 0.637 | 0.592 | 0.532 | 0.452 | 0.335 
0 | 0.645 | 0.624/ 0.601 | 0.573 | 0.542 | 0.505 | 0.462 | 0.409 | 0.345 | 0.262 
10 0.527 | 0.506 | 0.483 | 0.457 | 0.429 | 0.398 | 0.362 | 0.323 | 0.276 
20 0.426 | 0.408| 0.389 | 0.368 | 0.346 | 0.322 | 0.296 
30. 0.352 | 0.338 | 0.323 | 0.307 | 0.291 | 0.273 
40 | 0.301 | 0.290} 0.279 | 0.267 
50 0.267 | 0.259 


Pseudoadiabatic Lapse Rate. Saturated air ascending adiabatically im the atmos- 
phere, so that all condensation of water vapor is into liquid water which falls out 
immediately and all latent heat of condensation is realized in warming the air, decreases 
in temperature at the pseudoadiabatic (or moist-adiabatic) lapse rate for the water 
stage. Table 2m-4 gives the pseudoadiabatic lapse rate for the water stage as a func- 
tion of temperature and pressure. 

2m-8. Standard Atmosphere, Lower Atmosphere. A revised standard atmosphere 
for levels up to 20 km was approved by the Council of the International Civil Aviation 
Organization (ICAO) in November, 1952, and has been adopted by the National 
Advisory Committee on Aeronautics (NACA) to supersede the earlier NACA standard 
atmosphere. The values of pressure, temperature, and density are in fairly good 
agreement with the average annual values observed at 40°N in North America. 


2-128 MECHANICS 


Basic Assumptions. The temperature at altitude! 0 (mean sea level) is 288.16°K 
(15°C). The lapse rate of temperature in the troposphere is 0.65°C per 100m. The 
temperature at the tropopause is 216.66°K, which makes the altitude of the tropopause 
1lkm. The temperature above 11 km is constant, 216.66°K. It is assumed that the 


TABLE 2m-5. STANDARD ATMOSPHERE, LOWER ATMOSPHERE* 


Altitude, Temp., Pressure, Density, Vj ; . Speed of 
A ig iscosity, poises sound, 
m K mb kg m=3 as 

m sec 
— 5,000 320 .660 1776.88 1.9305 1.9497 & 107-4 359.114 
—4,000 314.160 1595.55 1.7694 1.9191 355.455 
—3,000 307 .660 1429.51 1.6187 1.8881 351.759 
—2,000 301.160 1277 .74 1.4781 1.8568 348 .023 
—1,000 294 .660 1139.29 1.3470 1.8252 | 344.247 
0 288 . 160 1013 .25 1.2250 1.7932 340. 429 
1,000 281.660 898 .74 1.1117 1.7609 336. 567 
2,000 275.160 794.95 1.0065 1.7283 332.661 
3,000 268 .660 701.08 0.90913 1.6953 328.709 
4,000 262.160 616.40 0.81914 1.6620 324.708 
5,000 255.660 540 . 20 0.73612 1.6282 320.657 
6 ,000 249 .160 471.81 0.65970 1.5941 | 316.555 
7,000 242.660 410.61 0.58950 1.5596 312.398 
8,000 236.160 356 .00 0.52517 1.5247 308 . 186 
9,000 229 .660 307 .42 0.46635 1.4893 303 .915 
10 ,000 223 . 160 264 .36 0.41271 1.4536 | 299 . 583 
11,000 216.660 226 .32 0.36392 1.4174 295.188 
12,000 216.660 193.30 0.31083 1.4174 295.188 
13 ,000 216.660 165.10 0.26548 1.4174 295.188 
14,000 216.660 141.02 0.22675 1.4174 295.188 
15,000 216.660 120.45 0.19367 1.4174 295.188 
16,000 216.660 102 .87 0.16542 1.4174 295.188 
17 ,000 216.660 87 . 867 0.14129 1.4174 295.188 
18,000 216.660 75.048 0.12068 1.4174 295.188 
19,000 216.660 64.100 0.10307 1.4174 295.188 
20 , 000 216.660 54.749 0.088035 1.4174 295.188 


* Manual of the ICAO Standard Atmosphere, NACA Tech. Note, Washington, D.C., May, 1954. 


air is dry, obeys the perfect gas law, and is in hydrostatic equilibrium. (The other 
necessary physical constants used are given in Sec. 2m-2.) 

2m-9. Properties of the Upper Atmosphere. The average temperature in January 
and July in the Northern Hemisphere in the lowest 20 km of the atmosphere as a func- 
tion of latitude and height is given by the thin lines in Fig. 2m-1.2. The heavy lines 


1 The unit of altitude used in the standard atmosphere is actually a unit of geopotential, 
the standard geopotential meter = 0.980665 X 10° cm? sec™ (see Sec. aut) For engineer- 
ing purposes these may be taken as meters. 

2H. Wexler, Tellus 2 (4), 262-273 (November, 1950). 
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show the mean height of the tropopause. These lines do not imply.that the tropopause 
is a continuous surface from tropical to polar regions. There may be more than one 
tropopause over a given point during certain meteorological conditions; during others 
it may be indistinct or missing altogether. 

Schematic representations of the structure of the upper atmosphere, indicating the 
typical heights at which various phenomena have been observed, are shown in Figs. 
2m-2 and 2m-3. | 
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Fie. 2m-2. Structure of the upper atmosphere. (Prepared in collaboration with W. W. 
Kellogg.) 


2m-10. Dynamical Relationships. Coriolis Parameter. The apparent force per 
unit mass acting upon a particle whose motion is described in a coordinate system 
fixed to the surface of the earth, due to the rotation of the earth in space, is propor- 
tional to the Coriolis parameter f = 2w sin ¢, where w is the angular velocity of the 
earth (w = 7.292 X 10° radians sec™!) and ¢is latitude. If vis the speed of a particle 
of unit mass, the apparent force is equal to fv. This force is directed to the right of the 
direction of motion in the Northern Hemisphere and to the left in the Southern 
Hemisphere. 3 

Geostropic Wind. Steady, straight, frictionless air motion in an unchanging pressure 
field, with gravity as the only external force acting, such that the horizontal pressure- 
gradient force is balanced by the apparent force due to the earth’s rotation (the Coriolis 
force), is called the geostrophic wind. ‘The geostrophic wind blows perpendicular to 
the direction of the pressure gradient with low pressure to the left in the Northern 
Hemisphere, to the right in the Southern Hemisphere. 

On a surface of constant pressure, the equation for the speed of the geostropic wind 
V, is given by 


Vi=F5- 7 (2m-6) 
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Fie. 2m-3. Diurnal and seasonal variation in the structure of the ionosphere. (Prepared by 
W. W. Kellogg.) 


TaBLe 2m-6. VaLuE or THE CorrtoLtis PARAMETER f 


f, 


Latitude Latitude 


sec! 
0° 0 50° 1.1172 * 10-4 
10° 0.2533 XK 1074 60° 1.2630 * 10-4 
20° 0.4988 x 10-4 70° 1.3705 X 10~4 
30° 0.7292 X 10-4 80° 1.4363 X 1074 
40° 0.9375 X 1074 90° 1.4584 « 107-4 
45° 1.0313 X 10-4 


where —0/dn is the gradient of geopotential on the constant-pressure surface normal 
to the direction of the geostrophic wind. For contours drawn at intervals of 100 gpm 
on a constant-pressure map, Eq. (2m-6) reduces to 


0.01712 
Mere fan 


knots (2m-7) 
where An is the spacing between successive contours measured normal to the direction 
of the geostrophic wind component in units of degrees of latitude. For contours 
drawn at intervals of 200 geopotential feet 


yy _ 0.01044 
Vex f An 


knots | a : (2m-8) 
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On a constant-level surface, 


Vo. = eS (2m-9) 


where p is the density of the air and —dp/dn is the horizontal pressure gradient normal 
to the geostrophic wind component. For a 3-mb isobaric interval and an air density 
of 10-3 gm cm~’, 
| 0.005241 
V, = fan knots (2m-10) 
Gradient Wind. To improve the approximation of the geostrophic wind to the true_ 
wind in the free atmosphere, other terms may be included in the equation of motion. 
The most common additional term is that which expresses the acceleration arising 
from the curvature of the path of the moving air parcel. The addition of this term to 
the expression for the geostrophic wind speed gives the gradient wind speed V. 


vai[ 140453 ‘| (2m-11) 
where r is the radius of curvature of the trajectory of the air parcel and the following 
sign convention is used: for cyclonic curvature rf > 0, for anticyclonic curvature 
rf < 0. 

Q9m-11. Radiation. Solar Constant.1 The solar constant, the mean values of the 
total solar radiation, at normal incidence, outside the atmosphere at the mean solar 
distance = 2.00 g-cal cm~? min™! (pe = 2 per cent). The solar-illuminance con- 
stant = 13.67 lumens cm7~?. | 

Insolation. Figure 2m-4 shows the average daily solar radiation received on a 
square centimeter of horizontal surface at the ground during January and July on 
cloudless days? (solid lines) and on days with average cloudiness* (dotted lines). The 
units are gram-calories per square centimeter per day. . 

Albedo. Table 2m-7 gives a range of albedo measurements! observed for various 
types of surfaces. 

TaBLe 2m-7. ALBEDO MEASUREMENTS 


% 
MGTOdt scold ate bees re Rae eee ae ie ee R aes 3-10 
Fields, grass, etc........----+5+---5 Meta n’ Sie wp clus atonea ai 3-387 
Bare ground.......... 0.000 e eee etter tenets 3-30 
Snow, fresh.........0 006 e eee eee ce eee eee rete eens 80-90 
Snow, old........... Be ae Sati ith land sa bce das eee ee ee 45-70 
Whole earth, visible spectrum..........-. ee eater ante 39 
Whole earth, total spectrum.........--. 6s ere eters 35 
Clouds acide sb oy Gace eh MEE e EARS ee EERE OO ees 5-85 
Water (reflectivity values are given in the following table) t 
Elevation of sun.| 90° 70° 50° 40° 30° 20° 10° 5° | 0° 


Reflectivity, %..| 2.0) 2.1| 2.5] 3.4] 6.0] 13.4 | 34.8 | 58.4 | 100.0 


* For clouds in the absence of absorption, the albedo is a function of the drop-size distribution, liquid- 
water content, and cloud thickness. See S. Fritz, J. Meteorol. 11 (4), 291-300 (1954). 

+ The reflectivity of a water surface for solar radiation is a function of the sun’s elevation angle. 
The values given have been computed for a plane surface; however, the observed reflection from dis- 
turbed surfaces shows only small deviation from these values. 


1F, 8. Johnson, J. Meteorol. 11 (6), (December, 1954). 

29. Fritz, Heating and Ventilating 46 (1), (January, 1949). 

39. Fritz and T. H. MacDonald, Heating and Ventilating 46 (7), (July, 1949). 

4 For a more complete list, including sources, see R. J. List, op. cit., pp. 442-444. 
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JANUARY 


Fie. 2m-4. Average daily solar insolation (geal em~? day!) at the ground on cloudless days 
(solid lines) and on days of average cloudiness (dotted lines). (After Fritz.) 
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Fie. 2m-5. Cloud drop-size spectra. (Prepared by H. J. aufm Sl ) 


~Tasie 2m-8. Averace Water Content or TyPica Crouns 


Cloud type. Dene amatetes Cirrus* | Cumulus | Fair-weather/ Stratus | Strato- 

oF congestus cumulus — cumulus © 
Water content, gmm-3.../0.01-0.05; 4 | 0.3 | 0.2 
- * Cirrus clouds consist mainly of column-shaped ice crystals. In cirrostratus, single, more or less 
completely built columns (twin crystals) of about 100 win length and 25 uw in diameter predominate. In 
dense cirrus and cirrocumulus clouds the columns are incompletely built and occur in clusters. The 
length of the individual crystals i in such clusters is approximately 100 to 300 u and the diameter 30 to 
100 x. 


. 2m-12. Clouds. The drop-size spectra of typical cloud types are given in Fig. 
om-5. | | 
2m-13. Climatology. Gosce limitations preclude fie presentation of climatological 
data. In addition to standard climatological texts, the following sources of such data 
are suggested: 


U. 8. Department of Agriculture, Yearbook of Agriculture: “Climate and Man,” 
Government Printing Office, Washington, 1941. 

Glenn A. Greathouse, and Carl J. Wessel, ed.: ‘‘Deterioration of Materials, Causes, 
and Preventative Techniques, ’”? Chap. I, Climate and Deterioration, Reinhold 
Publishing Corporation, New York, 1954. 

U.S. Weather Bureau: Climatological Data, National Summary (issued monthly, 
with an annual summary). 


1 Data furnished by Dr. H. J. aufm Kampe, Signal Corps Engineering Laboratories, Ft. 
Monmouth, N.J. : 
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Note: Also available from the U.S. Weather Bureau are more detailed climatological 
summaries for individual states and local climatological data for individual cities, as 
well as many unpublished data. 

2m-14. Atmospheric Diffusion.t_ In most meteorological problems, the effects of 
molecular diffusion are far outweighed by the turbulent eddies present in the atmos- 
phere. One. approach to this problem is to treat. the phenomenon in a manner 
analogous to that of molecular diffusion. The coefficient of diffusion in such applica- 
tions is a function of the size of the turbulent eddies and is therefore dependent on the 
time and space scale being considered. Figure 2m-6? gives the magnitude of the 


“NANANARSAASARAEA 3 
10° NANSSISSENSERRRAS : om 
sot SON ag RIOR FR PATRIA DPD O88 
Ba SEER RREER DENS 
102 at aise po p< x es 
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*%° I0-25 ,35- 45 AND 80-100 KM . 
ux HORIZONTAL GROSS - ~ AUSTAUSCH OF THE GENERAL CIRCULATION 
Fra. 2 2m-6. Diffusion diagram. (From Lettau.) 


soafiicient of eddy diffusion Das a function of the characteristics of the eddies, as s well 
as the variation of the coefficient of molecular diffusion d with height. In Fig. 2m-6, 
each point of the A, ¢ plane determines a diffusion coefficient (em? sec-!). In molecular 
diffusion, \ ~ free path and ¢ ~ mean molecular speed; d = X¢ is fixed by the density 
and temperature of the atmosphere; consequently, the height. variation of d is marked 
by acurve. In eddy diffusion, \ ~ mixing length and ¢ ~ mixing velocity; owing to 
the variability of these elements, D = df and its variation with height are denoted by 
characteristic areas when the possible variability of D is narrowed by the consideration 
of limiting values of eddy accelerations (¢?/A) and time terms (\/¢). 

For another approach to the problem of turbulent diffusion, especially in dealing 
with the diffusion of contaminants in the lower atmosphere, see Sutton.’ 


1 For the definition of diffusion coefficient ef. pp. 2-189 and 2-211. 

2H. Lettau, ‘‘Compendium of Meteorology,’ T. F. Malone, ed., pp. B20) American 
Meteorological Society, Boston, 1951. 

30. G. Sutton, “Micrometeorology,” McGraw-Hill Book Company, . Te: ‘New York, 


1953. 


2n. Density and Compressibility of Liquids 


ROBERT LINDSAY! 


Southern Methodist University 


2n-1. Density of Liquids. Introduction. The density of a homogeneous liquid is 
defined as the mass per unit volume. Density can be expressed either in absolute 
units or on a relative scale. The conventional absolute units are grams per milliliter 
and grams per cubic centimeter. <A milliliter is defined as 1/1,000 liter where the liter 
is the volume occupied by one kilogram of pure air-free water at its temperature of 
maximum density (8.98°C) and under atmospheric pressure (760 mm Hg). From this 
definition the density of pure water is 1.0000 g/ml at 3.98°C. The conversion from 
g/ml to g/cm? is given by 1 g/ml = 0.999973 g/cm’. For expressing densities on a 
relative scale the specific gravity is used. The specific gravity gives the ratio of the 
density of a liquid at a particular temperature to the density of a standard liquid 
(usually pure water) at a standard temperature. When the standard temperature is 
3.98°C, the specific gravity with respect to water is numerically equal to the absolute 
density in g/ml. The conventional symbol for absolute density is p ord. The former 
will be used in this set of tables. ‘The conventional symbol for specific gravity is dj} 
where ¢; is the temperature of the liquid and é2 is the temperature of the standard. 

2n-2. Methods of Measurement. The pycnometer method is most commonly used 
when precise density measurements on a particular liquid are desired at fixed tempera- 
tures.2, A pycnometer is a vessel made of glass with a low coefficient of expansion 
whose volume can be determined very precisely in terms of its capacity for a standard 
liquid. Most pyenometers have a capacity of about 30 ml. The general procedure 
consists of filling the pycnometer with the unknown liquid, thermostating the system 
at the desired temperature, determining the volume of the pycnometer occupied by the 
liquid, and then weighing the pycnometer. For determining densities of the same 
sample over a range of temperatures, the dilatometer method is sometimes used. In 
one variation of this method a secondary standard liquid such as mercury is placed in 
contact with the liquid sample. As the temperature is raised the secondary liquid 
is displaced out of the dilatometer. The weight of the displaced secondary liquid is a 
measure of the change in volume of the unknown liquid. Another variation of this 
method involves the observation of the change in level of the unknown liquid in a 
narrow calibrated capillary attached to the main flask. The measurements of 
densities of liquefied gases at or near their boiling points are more complicated, since a 
closed system may have to be used and significant corrections must be made for the 
density of the vapor in equilibrium with the liquid.’ 


1 Now at Trinity College. 

2 A, Weissberger and W. N. Rae, ‘“ Physical Methods of Organic Chemistry,’’ 2d ed., 
vol. I, pt. 1, pp. 253ff., Interscience Publishers, Inc., New York, 1949; V. Reilly and W. N. 
Rae, “ Physico-Chemical Methods,”’ 3d ed., vol. I, pp. 61ff., D. Van Nostrand Company, 
Inc., New York, 1949. 

3 W. H. Keeson, ‘‘Helium,’’ pp. 206ff., Elsevier Press, Inc., New York, 1942; E. R. 
Grilly, E. F. Hammel, and 8S. G. Sydoriak, Phys. Rev. 75, 1103 (1949); E. R. Grilly, J. Am. 
Chem. Soc. 78, 5307 (1951). 
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2n-3. Reliability. The reliability of the density measurements tabulated is 
variable. This compilation does not pretend to evaluate for extreme accuracy. 
Such factors as uncertainty in the temperature scale, possible impurities of the sam- 
ples, and in some cases even changes in atomic weights must be taken into considera- 
tion when applying a critical analysis. The data are given as reported in the original 
literature or in other standard works and are to be interpreted in the spirit of being 
representative values. Reference to the original literature is recommended in cases 
of doubt. Among the organic liquids there are some very recent and complete 
investigations to examine. Among many of the inorganic liquids data are both old 
and scarce. 


2n-4. Standard Reference Works with Density Data 


“International Critical Tables,’”? McGraw-Hill Book Company, Inc., New York, 1928. 
Landolt-Boérnstein: ‘‘Physikalisch-Chemische Tabellen,” 5th ed. and supplements, 
Springer-Verlag OHG, Berlin, 1923-1935 (Edwards Bros. Inc., Ann Arbor, Mich., 
1943). 
Timmermans, J.: ‘Physico-chemical Constants of Pure Organic Compounds,” 
Elsevier Press, Inc., New York, 1950. 
Mellor, J. F.: “Comprehensive Treatise of Inorganic and Theoretical Chemistry,”’ 
Longmans, Green & Co., Inc., New York, 1921-1929. 
Simons, J. H., ed.: “Fluorine Chemistry,’’ Academic Press, Inc., New York, 1950. 
2n-5. Density of Water. A rather complete analysis of all the investigations of the 
physical properties of water is given by N. Ernest Dorsey.! He points out that the 
data from which the density tables are made up do not take into consideration the 
isotope effect. Because of this there may be uncertainties of the order of 8 parts in 
10’ introduced when the densities of samples from various sources are considered. 
Fractional distillation of D2 has revealed differences of the order of 20 parts in 10° 
in deuterium content in different samples. There is also some reason to believe that 
the polymerization is a factor in the variability of the physical properties of water. 
Values of the density of water as a function of temperature are presented in Table 
2n-1. Similar data for other liquids follow in Tables 2n-2 through 2n-11. 


1N. Ernest Dorsey, ‘‘ Properties of Ordinary Water Substance,’’ Reinhold Publishing 
Corporation, New York, 1948. 
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TABLE 2n-1. DEeNstry or PurE ArIR-FREE H.O at ATMOSPHERIC PRESSURE 


t p t p t p 

0 | 0.9998676 5 0.9999919 10 0.9997281 

1 0.9999265 | 6 | 0.9999683 11 0. 9996336 

2 | 0.9999678 | 7 | 0.9999297 12 0.9995261 

3 0.9999922 8 | 0.9998765 13 0.9994059 

4 1.0000 9 | 0.9998092 14 | 0.9992732 
t 0.0 01 | 02 | 03 | 04 | 05 | 06 | 0.7 )-08 | 09 
15 | 0,9991286 | 1134 | 0982. 0360 | 0202 | 0043 | 9882 
16 | 0.9989721 | 9558 | 9394 8726 | 8557 | 8386 | 8214 
17 | 0.9988041 | 7867 | 7691. 6979 | 6798 | 6616 | 6433 
18 | 0.9986248 | 6063 | 5877 5120 | 4928 | 4735 | 4541 
19 | 0.9984346 | 4150 | 3953 3153 | 2950 | 2747 | 2542 
20 | 0.9982336 | 2130 | 1922 1080 | 0867 | 0653 | 0438 
21 | 0.9980221 | 0004 | 9786 8903 | 8679 | 8455 | 8230 
22 | 0.9978003 | 7776 | 7547 6624 | 6390 | 6156 | 5921 
23 | 0.9975684 | 5447 | 5208 4245 | 4002 | 3758 | 3512 
24 | 0.9973266 | 3019 | 2771 1769 | 1516 | 1262 | 1007 
25 | 0.9970751 | 0494 | 0237 9196 | 8934 | 8671 | 8406 

t p t p 

26 0.9968141 0 .9953722 36 | 0.9937159 

27 0.9965437 0.9950575 37 0.9933604 

28 0.9962642 0.9947344 38 0.9929970 

29 0.9959757 0.9954030 39 | 0.9926260 — 

30 | 0.9956783 0.9950635 40. | 0.9922473 


a nn cc eames’ | (Orme cmmmeemssmnemmmneeed [trometer eee 


(0 = g/ml; t = °C) 


Range 0-40°C* 


p 


0.96534 


40 0.98059 

45 0.97781 0.96192 . 
50 0.97489 0.95838 
55 0.97183 


0.96865 


p 


— et aero t 


p 


0.75063 


100 0.95841 0.87639 

110 0.95099 0.86492 0.73237 
120 0.94317 0.85290 0.71266 
130 0.93494 0.84031 0.69118 
140 0.92629 0.82712 0.66747 
150 0.91721 0.81330 0.64095 
160 0.90771 0.79881 0.61071 
170 0.89776 0.78368 0.57497 
180 0.88733 0.76769 0.52872 


See page 2-139 for footnotes. 
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TABLE 2n-1. Density oF PurRE AIR-FREE H.O at 
. ATMOSPHERIC PRESSURE (Continued) 


Range 0 to —13°C] 


t t p 

0 0.999868 0.999176 | —10 0.997935 
| 0.999773 | 0.998950 | —11 0.997636 
—2 0.999673 | 0.998720 —12 0.997292 
—3 0.999553 | 0.998501 —13 0.997292 
—4 0.999380 | —9 0.998249 


*L. W. Tilton and J. K. Taylor, J. Research Natl. Bur. Standards 18, 205 (1937). 
+ V. Stott and P. H. Bigg, ‘‘ International Critical Tables,’’ vol. 3, p. 24, McGraw-Hill Book Com- 
pany, Inc., New York, 1928. 
} F. G. Keyes and L. B. Smith, Mech. Eng. 88, 132 (1931). 
q J. F. Mohler, Phys. Rev. 35, 236 (1912). 
TABLE 2n-2. Denstry or D.O (100% D.0O wirn Normat OxyGEn 


IsOTOPE COMPOSITION) 
(o = g/ml; ¢ = °C) 
Range 3.8-20°C* 


t p 
3.8 1.10533 
5 1.10549 

10 1.10588 
15 1.10577 


20 1.10527 
Range 20—100°Cf 


t p t p 
20 1.09562 80 1.07815 
25 1.09316 85 1.07467 
30 1-.09051 90 1.07104 
35 1.08766 95 1.06729 
40 1.08466 


100 1.06339 
1.08148 | 


* T, L.-Chang and J. Y. Chien, J. Am. Chem. Soc. 63, 1709 (1941). 

+ R. Schrader and K. Wirtz, Z. Naturforsch. 6a, 220 (1951). 

tJ. R. Heiks, M. K. Barnett, L. V. Jones, and E. Orban, J. Phys. Chem. 58, 488 (1954). 

The maximum density of D2O has been determined to be 1.10596 g/ml at 11.23°C. K. Stokland, 
E. Ronaess, and L. Tronstad, Trans. Faraday Soc. 35, 312 (1938). This is based on a value for d3§ of 
1.10764. L. Tronstad and Brun, Trans. Faraday Soc. 34, 766 (1938). See H. L. Johnston, J. Am. 
Chem. Soc. 61, 878 (1939), for a discussion of these values. 

The density of H:O and D2O at 370°C are approximately the same. E. H. Riesenfield and T. 
L.-Chang, Z. phystk. Chem. B30, 61 (1935); B28, 408 (1935). 
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TaBLE 2n-3. DENsITy OF MeERcurRy (He) 
(op = g/ml; t = °C) 
Range — 38.87 to 100°C* 


t 
—38.87 13 
— 30 13 
—20 - 13 
—10 13. 
0 13 
4) 13. 
10 13. 
15 13. 
16 13 
17 13. 
18 13 
19 13. 
20 13 
21 13 
22 13. 
23 13 


p 


691, 
. 669 
.6459 


6202 


.9955 


583e 
5709 
5586 


.5062 


5537 


.0013 


5483 


.0463 
. 5439 


5413 


.9389 


t p 

24 13.536, 
25 13 . 5340 
30 13.5213 
35 13.509. 
40 13.4973 
45 13.485, 
50 13.472, 
55 13.4603 
60 13.448, 
65 13.436; 


75 13.412. 
80 13.400, 
85 13.388 5 
90 13.3754 
95 13.3635 


100 13.3513 


Range 100-360°CfT 


eS er ee | ee ey — ee | eS |e eee ae re 


13.3518 


120 13.304 
140 13.256 
160 13.208 
180 13.160 


12.875 
320 12.827 
340 12.779 
357.1 12.737 


* Stott and Bigg, ‘“‘International Critical Tables,” vol. 2, p. 457, McGraw-Hill Book Company, Ince., 
New York, 1928; Sears, Proc. Phys. Soc. (London) 26, 95 (1913). 

1 G. W. C. Kaye and T. H. Laby, *‘ Tables of Physical and Chemical Constants,” 10th Ed., Longmans, 
Green & Co., Inc., New York, 1948; Chappuis, ‘‘Traveaux et memoires du bureau international des 


poids et mesures,” vol. 16, 1917. 


TaBLe 2n-4. Densiry or MetHyL Atconot (CH;0H) 
(0 = g/ml; t = °C) 


Density at Fixed Points 


p 
0.809985* 

0.80535* 

0.78654* 

0.78655t ; ; 
0.78181* 7 
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TaBLeE 2n-4, DENstry oF Meruyt AtconoLt (CH30H) (Continued) 
Density as a Function of Temperature 


Range 0—60°Cf 


t p 

0 0.80999 
5 0.80536 
10 0.80070 
15 0.79602 
20 0.79132 
25 0.78660 
30 0.78186 
35 0.77710 
40 0.77232 
45 0.76753 
50 0.76270. 
60 0.75300 


These data fit a formula 
p = 0.80999 — 0.0009253¢ — 0.00000041 2? (2n-1) 
Range —94.5 to 15°C] 


p = 0.81015 — 0.0010041¢ — 0.000001802¢? — 0.0000000165723 (2n-2) | 
* A, Rakowski and A. B. Frost, Trans. Inst. Pure Chem. Reagents U.S.S.R. 9 (334), 95 (1930). 
+ R. E. Gibson, J. Am. Chem. Soc. 57, 1551 (1935). 
¢ Brunel and Van Bibber, ‘“‘ International Critical Tables,’’ vol. 3, p. 27, McGraw-Hill Book Company, 
Inc., New York, 1928. 
{ J. Timmermans, Sci. Proc. Roy. Dublin Soc. 18, 310 (1912). 
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TaBLE 2n-5. Density or Erayt Atconou (C.-H,;OH) 
(0 = g/ml; t = °C) 


Density at Fixed Points 


t p 

0 0.806306* 
25 _0.785063* 
25 0.78506t 

50 0.763137* 


Density as a Function of Temperature 


Range 0-40°C f° 


t p 
10 0.79784 
15 0.79360 
20 0.78934 
25 0.78506 
30 0.78075 
39 0.77641 
40 0.77203 


These data fit a formula 


p = 0.78506 — 0.0008591(¢ — 25) — 0.00000056(¢ — 25)? — 0.000000005(¢ — 25) 


(2n-3) 
Range 40-78°C { 
Ys p 
45 0.76773 
50 0.76329 
60 0.75423 
70 0.74491 
78 0.73720 
These data fit a formula 
p = 0.80625 — 0.0008461é¢ + 0.00000016022 — 0.000000008523 (2n-4) 


Range below 0°C§ 


t p 
—59 0.856 
—78 0.872 


* Kretschmer, Nowakowska, and Wieba, J. Am. Chem. Soc. 70, 1785 (1948). 
t N. 8. Osborne, E. C. McKelvey, and H. W. Bearce, Natl. Bur. Standards (U.S.) Bull. 9, 327 (1913). 
tN. 8S. Osborne, E. C. McKelvey, and H. W. Bearce, Natl. Bur. Standards (U.S.) Bull. 9, 327 (1913). 
{| Brunel and Van Bibber, ‘‘International Critical Tables,’’ vol. 3, p. 27, McGraw-Hill Book Com- 


pany, Inc., New York, 1928. 


§ Beilstein, ‘‘Organische Chemie,”’ vol. 1, p. 148, 1928. 


. ... Substance | | Formula t | - p Year | Ref. 
Arsenie ricbloride. sanaee dA AsCl; 20 2.161 1880 1 
Arsenic trifluoride........ Sains. AsF3 20 2.590 1880 1 
Bromine pentafluoride..........| BrFs 25 — 2.4604 1954 2 
Bromine trifluoride. . . a. geceas ...| BrF 25 2.8030 1954 2 
Carbon disulfide. BA ent bol ee ces aa {CS. §| O — 1.29272 1923 3 

20. 1.2632 1926 4 
Carbonyl chloride.............. COCI, 0 1.4187 1946 5 
Chlorine trifluoride............. CIF; QO. 1.891 1950 6 
Chromium oxychloride. ........ CrO-.Cl, |. 20 .. 1.923 1880 1 
Hydrazine..... Be iB ict ly ay NG oe NH.NH2| 0 0.9816 1950 7 
Hydrogen frioride cent andes ean tia? 4 HF 0 1.0015 1933 8. 
Hydrogen peroxide............. H.O,2 19.90 1.4419 1920 9 
Hydrogen disulfide............. HS. 25 1.3270 1930 10 
Iodine pentafluoride............ IF; 0 3.29 1933 16. 
Iron penta-carbonyl............ Fe(CO); 18 (1.4644 1891 11 
Nickel carbonyl................ Ni(CO), | .20 1.310 1891 1 
Nitric acid (100%)............. HNO; 20 1.502 , 1919 | 
Nitrogen dioxide............... NO: 20 1.348 1919 1 
Dinitrogen oxide............... N:O3 0 1.450 1888 ts 
Phosphorus tribromide......... PBr; 20 2.877 1845 1 
Phosphorus trichloride.......... PCl;, | 20 1.575 1880 | 1... 
Phosphorus oxychloride......... POCI; 20 1.675 1880 |. 1. 
Selenium tetrafluoride.......... SeF, 20 2.77 1928 412~:. 
Silicon tetrachloride...... ee SiCl, 20 1.483 1880 i oo 
Stannic chloride................ SnCl, 20 2231 |. 1880 lie 
Sulfur chloride...... ee ee cece os | S2Cle 20 1.678 1880 1 
Sulfuric acid (100%)...........| H.SO, 20 1.834 1928 | 1: 
Sulfur trioxide...:............. SO; 20.46 1.9207 1941 13 
Sulfuryl chloride............... SO.-Cl. 20 1.673 1897 a ie 
Sulfuryl chlorofluoride. . ...; SOeFCI 0 1.623 1936 14 
Thiocarbonyl detrabromide.c .:...| CSBra 20 3.0240 1929 15 
Thiocarbonyl tetrachloride...... CSCl, 20 1.6996 1929 15 
Thionyl chloride.:............. SOC, 20 1.638 1880 1 
1.828 1910 1 


Vanadium oxytrichloride........| VOCIs 20 
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TABLE 2n-6. DENsITIES OF SELECTED INORGANIC LiQUIDS 
(Range 0-50°C; p = g/ml; ¢ = °C; pressure atmospheric) | 


References for Table 20-6. 
. Baxter, G. P.: “International Critical Tables,’’ vol. 3, P. 22, MeGraw-Hill Book 


Company, Inc., New York, 1928.. 
Stein, L., R. C. Vogel, and W. H. Ludewig: J. Am. Chem. Soc. 76, 4287 (1954). 


: Timmermans, J.: Bull. soc. chim. Belges 32, 299 (1923). 

Mathews, J. H.: J. Am. Chem. Soc. 48, 562 (1926). 

. Davies, G. N.: J. Chem. Phys. 14, 48 (1946). 7 

: Simons, J. H., ed.: “Fluorine Chemistry,’ ’ Academic Press, Inc., New York, 1950 
(private communication to editor from C. F. Swinehart and F, J. Burton, Jr. Ve 

. Hough, E. W., D. M. Mason, and B. H. Sage: J. Am. Chem. Soc. 72, 5774 aes 
. Simons, J. H., and J. W. Bouknight: J. Am. Chem. Soc. 64, 129 (1982); J . Am. 


Chem. Soc. 55, 1458 (1933). 


. Maass, O..,. and W. H. Hatcher: J. Am. Chem. Soc. 42, 2548 (1920). 

. Butler, K. HL , and O. Maass: J. Am. Chem. Soc. 62, 2184 (1930). 

. Mond ‘and Langer: J. Chem. Soc. (London) 89, 1090 (1891). 

. Prideaux, E. B. R., and C. B. Cox: J. Chem. Soc. (London) 188, 1603 (1028), 
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13. Westrink, R.: Acad. Proefschrift Univ. Amsterdam, N. V. Drukkerij en Uitgevers- 

gaak de Mercuur, Hilversum, 1941. 
14. Booth, H.S., and C. V. Herrmann: J. Am. Chem. Soc. 58, 63 (1936). 
15. Briscoe, H. T., J. B. Peel, and P. L. Robinson: J. Chem. She: (London) 1929, 1048. 
16. Ruff, O., and A. Braida: Z. anorg. u. allgem. Chem. 206, 63 (1932); 214, 91 (1933). 


TaBLE 2n-7. Liquip DEnsITIES OF ELEMENTARY AND INORGANIC SUBSTANCES 
Wuicn ARE NorMALLY GASEOUS UNDER STANDARD CONDITIONS 


(Range below 0°C; p = g/ml; ¢ 


- Formula 


Substance 


Rites ct eeeauvee nt 20.9% Oxygen | —194 0. 
53.6% Oxygen | —194 1. 
72.15% Oxygen | —194 1. 
94.4% Oxygen | —194 1. 
Ammonia re ar ie ya —A0 0. 
Argon...........- Sesh Oe — 189.38 (T.P.) 1. 
| — 183.15 1. 
Boron trifluoride...... BF; —101.0 (N.B.P.) | 1. 
Diborane........ ....| BeHe —108.2 0. 
Carbon dioxide....... COz — 56.6 (T.P.) 1. 
Carbon monoxide..... CO — 195.08 (ortho- 0. 
baric) 
Chlorine............. Cl. —33.7 (N.B.P.). 
— AO 
Fluorine............. F, — 195.94 
Hydrogen bromide....| HBr —68.7 
Hydrogen chloride... .| HCl —85.8 
Hydrogen iodide...... HI —35.7 (N.B.P.) 
Hydrogen selenide. . H.Se —42 
| —27 (orthobaric) 
Hydrogen sulfide. .... HS —60.1 (N.B.P.) 
— 63 
Hydrogen telluride.. .|; H2Te —17.7 
Krypton.............| Kr —157.21 (T.P.) 
NGON. <5 4 Sweet INe — 245.9 (N.B.P.) 
Nitric oxide..........| NO — 150.2 (N.B.P.) 
— 153.6 
Nitrogen............ Ne —195.84 (N.B.P.) | 
—198.3 
Nitrous oxide........ N2O —89.4 (N.B.P.). 
Dinitrogen oxide..... N2Os3 —8 
ORY GODS en deeaghases Oz — 182.97 (N.B.P.) 
—182.5 
—195.0 
OZ0ne. 265 435d2 pe ees Os —112.4 (N.B.P.) 
Radon...........--- Rn ——62 (N.B.P.) 
Silicane.............. SiH, — 185 
Disilicane............| SieHe —25 
Sulfur dioxide........ SO2 —10 
Uranium hexafluoride.| UF s —209.11 (T.P.) 
Xenon.........-..0-- Xe —111.80 (T.P.) 
—106.9 (N.B.P.) 
N.B.P. = normal boiling point; T.P. = triple point. 


See Table 2n-8 for liquid hydrogen ad liquid helium. 
* Unless specified as orthobaric (i.e., corresponding to thermodynamic equilibrium of coexistent 


liquid and vapor phases) or T. P, 


WWW OOP RB eB Se Se KF OOF KF KEK NN OOF NN EN EH 


= °C; pressure atmospheric*) 


Year | Ref. 
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References for Table 2n-7 


. Landolt-Bérnstein: “Physikalisch-Chemische Tabellen,” 5th ed., Springer-Verlag 


OHG, Berlin, 1923 (Edwards Bros., Inc., Ann Arbor, Mich., 1943). 


. Clusius, K., and K. Wiegand: Z. physik. Chem. B46, 1 (1940). 
- Ruff, O., A. Braida, O. Breitschneider, W. Menzel, and H. Plaut: Z. anorg. 1. 


allgem. Chem. 206, 59 (1932). 


. Laubengayer, A. W., R. P. Ferguson, and A. W. Newkirk: J. Am. Chem. Soc. 63, 


559 (1941). 


. Keyes, F. G.: ‘International Critical Tables,” vol. 3, p. 235, McGraw-Hill Book 


Company, Inc., New York, 1928. 


. Timmermans, J.: ‘Physico-Chemical Constants of Pure Organic Compounds,” 


p. 366, Elsevier Press, Inc., New York, 1950; Mathias, E., and C. A. Crommelin: 
Comm. Inst. Intern. Froid. (le comm. 12th rap.) 1936. 


. Johnson, F. M. G., and D. McIntosh: J. Am. Chem. Soc. 31, 1138 (1909). 

. Van Aubel: Bull. acad. Belges 12 (5), 374 (1926). 

. White, D., J. H. Hu, and H. L. Johnston: J. Am. Chem. Soc. 76, 2584 (1954). 

- McIntosh, S., B. D. Steele, and E. H. Archibald: Z. physik Chem. 65, 129 (1906). 
- Klemenc, A., and O. Bankowski: Z. anorg. u. allgem. Chem. 208, 348 (1932); 


Z. Elektrochem. 38, 592 (1932). 


. Robinson, P. L., and W. E. Scott: J. Chem. Soc. (London) 1932, 972. 
. Fonzes-Diacon, H.: Compt. rend. 184, 171 (1902). 
. Porter, A. W.: ‘International Critical Tables,” vol. 3, p. 20, McGraw-Hill Book 


Company, Inc., New York, 1928. 


. Inglis and Coates: J. Chem. Soc. (London) 89, 886 (1902). 

. Adwentowski: Chem. Zenir. 19101, 1107. 

. Cheesman, G. H.: J. Chem. Soc. (London) 1932, 889. 

. Grunmach: Berlin Sitzber. 1904, 1198; Ann. Physik 16, 401 (1904). 

. Geuther: Liebigs Ann. Chem. 1888, 245. 

. Dewar: Proc. Roy. Soc. (London) 78, 251 (1904). : 

. Biltz, Fischer, and Wunnenberg: Z. anorg. u. allgem. Chem. 198, 358 (1930). 

. Baxter, G. P.: ‘International Critical Tables,” vol. 3, p. 22, McGraw-Hill Book 


Company, Inc., New York, 1928. 


. Hoge, J., and M. T. Wechsler: J. Chem. Phys. 17, 617 (1949). 
. Timmermans, J.: Bull. Soc. Belges 32, 299 (1923). 
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TABLE 2n-8. DENsITIES OF CRYOGENIC. LIQUIDS 
Helium (isotope 4)¢ 
N.B.P. = 4.216°K 
T = 4.20°K; pressure = 1 atm; p = 0.1251 Si 
T) = 2.186°K; pressure = 38.3 mm Hg; p = 0.1462 g/ml 
TT) = 2.178°K; pressure = 1 atm.; p = 0.1473 g/ml 
Helium (isotope 3)? et a ee 
T = 3.20°K (N.B.P.); p = 0.057. erat 
Normal hydrogen (isotope 1)¢ : i £ Ue a 4 
T = 20.39°K (N. B.P.); p = 0.07098 g/ml 
Fotanyargecn (isotope 1)? 3 a : | 
T = 20.27°K (N.B.P.); a= 0.07076 g/ml 7 
nseeea deuteride (HD)¢ © woe a ee | 
T = 16.604°K (T-P.); pressure = 92.8 eo Hg; p = 0.1234 g/ml 
Deuterium (isotope 2)f oe _ * 
T = 18.72°K (T.P. ; pressure = > 128.5 “m Hg; p = 0.1739 g/ml 
Tritium (isotope 3)9 : 


T = 25.04°K (N.B.P. ): > = 0.2571 g/ml 


N.B.P. = normal boiling point; T.P. = triple point. 

For a discussion of the provisional temperature scale in the liquid- hydrogen region see ref. € and 
H. J. Hoge and F. G. Brickwedde, J. Research Natl.’ Bur. Standards 22, 351 (1939). 

2 W. H. Keesom, ‘‘Helium,’’ pp. 240, 207, 226, Elsevier Press, Inc., New York, 1940. The tempera- 
ture scale in the liquid-helium range must be considered when evaluating the reported results of density 
measurements. A discussion.of the problems involved and the most recent conventions adopted is 
given in C. F. Squire, ‘‘Low Temperature Physics,’ p. 25, McGraw-Hill Book Company, Inc., 1953. 

bE. R. Grilly, E. F. Hammel, 8. G. Sydoriak, Phys. Rev. 78, 1103 (1949). Interpolated value by 
private communication. 

¢R. B. Scott and F. G. Brickwedde, J: Research Natt. Bur. Standards 19, 237 (1937). 

2R. B. Scott and F. G. Brickwedde, J. Research Natl. Bur. Standards 19, 237 (1937). 

eH. W. Woolley, R. B. Scott, and F. G. Brickwedde, J. Research Natl. Bur. Standards 41, 379 (1948). 

/ K. Clusius and E. Bartholome, Z. phys. Chem. B30, 1287 (1935). 

0K. R. Grilly, J. Am. Chem. Soc. 78, 5807 (1951). Interpolated value by private communication. 
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TABLE 2n-9. DENsITIES OF SELECTED ORGANIC Liquips 
(Range 0 to 25°C; p = g/ml; ¢ = °C; pressure atmospheric) 


Subeeanee 


Formula 


CH;-CO.H 


Acetic acid............. 

Acetone. . .........| CHs-CO-CH;, © 
Alcohol, amyl. ....| CsH110H 
Alcohol, n-butyl. .. wae eeu C08 


Alcohol, ethyl* 
Alcohol, methyl t 


Alcohol, n-propyl....... C3:H,0OH © -_ 
Alcohol, isopropyl. ..... (CH;)CHOH. 
Aniline eis SD oe, We Rare ee ce CsH;N He 
Benzene............... CeHe ~ 
Bromobenzene.......... CeH;Br. 
Bromoform............ CHBr; 


CS. 
.| CCl, 


Carbon tetrachloride... 


Chloroform............ | CHCls 
Chlorobenzene......... C.H;Cl 
Cyclohexane........... CeHi2 
Cyclopentane.......... CsHio 


Diethyl ether........... 


(C2H5)20 


Ethyl acetate... ... -..../ CH3-CO.C2H; 

Ethyl formate.......... H-CO.C.H; 

Formic acid.......... ..| H-CO.H 

Glycerol (glycerin)....:.| CH,OH-CHOH- Oe 
Glycol, ethylene........ (CH.0OH)-. 
n-Heptane..... ree n-C7His . | . 
Heptene-1............. CH:—CH—(CH:).—CH, 
m-Hexane.....:......../n-CeHug | 
Hexene-1.............. CH.=CH—(CH;),—CH, _ 
Hydrogen cyanide...... HCN 
Todobenzene........... CeH;I 
Isoprene............... CH.—=C(CH;)—CH=CH; 


Methyl formate......... 
Methyl iodide.......... 


H-CO.CH; 
CHI 


Nicotine........ taba C3H4N-C,H;N(CH;) 
Nitrobenzene........... CeH;NO-2 
Nitroglycerin........... NH.NO;-CHNO;-CH.NO; 
n~Nonane.......... eee | N-CoHa 
n-Octane.............. n-CsHis 
n-Pentane............. n-CsHie 
Isopentane............. iso-C;Hi2 
Pentene-1l.............. CH.—CH—CH.—CH.—-CH; 
n-Propylbenzene........ CeH5-n-C3H, 

Toluene eiligl a otras Oia Raye agate: too CoH s——-CH; 


General reference; J. Timmermans, ‘‘ Physico-Chemical Constants of Pure Organic Compounds, ”’ 
Elsevier Press, Inc., New York, 1950. 

* See Table 2n-5. 

Tt See Table 2n-4, 
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References for Table 2n-9 


. Bureau d’ Etalons, 1934. 

. Lowry, T. M. and B. K. Singh: Compt. rend. 181, 909 (1925). 

. Coates, G. E., and J. E. Coates: J. Chem. Soc. (London) 1944, 77. 

: Peterson, J. M.: J. Am. Chem. Soc. 62, 3669 (1930). 

. Howard, F. L., T. W. Mears’, A. Fookson, P. Pomerantz, and D. B. Brooks: J. 


. Gibbons, L. C., J. F. Thomson, T. W. Reynolds, J. I. Wright, H. H. Chanau, 


. Bureau d’Etalons (International Bureau of Physico-Chemical Standards), 
- Brussels, 1930. 

: Zmaczynski, M. A.: J. Chim. phys. 27, 503 (1930). 

. Bureau d’Etalons, 1932. 

. Brunjes, A. S8., and M. J. P. Bogart: Ind. Eng. Chem. 35, 256 (1943). 

. Hatem, S.: Compt. rend. 1949, 601. 

. Olsen, A. L., and E. R. Washburn: J. Am. Chem. Soc. 57, 303 (1935). 

: Dreisbach, R. R., and R. A. Martin: Ind. Eng. Chem. 41, 2875 (1949). 

. Forziati, A. EF. A. R. Glasgow, Jr., C. B. Willingham, and F. D. Rossini: J. 


Research Natl. Bur. Standards 36, 129 (1946). 


. Zmaczynski, M. A.: J, chim. phys. 27, 503 (1930). 

. Desreux, V.: Bull. soc. chim. Belges 44, 249 (1935). 

. Bureau d’Etalons, 1928. 

. Michielewicz, C.: Roceniki Chem. 18, 718 (1938). 

. Bureau d’Etalons, 1928. 

. Wojciechowski, M., and E. Smith: Roczniki Chem. 17, 118 (1937). 
. Bureau d’Etalons, 1932. 

. Albright, P. S.: J. . Am. Chem. Soc. 59, 2098 (1937). 

. Bureau d’Etalons, 1937. 

. Vogel, A. L.: J. Chem. Soc. (London) 1946, 133. 

. Wibaut, J. P., and H. Geldof: Rec. trav. am. 65, 125 (1946). 

. Lowry, T. M., and 8. T. Henderson: Proc. Roy. Soc. (London), ser. A, 136, 474 


(1932). 


. Bureau d’Etalons, 1932. 
. Bekkadahl, N., L. A. Wood, and M. Wek eeetens J. Research. Natl. Bur. 


Standards 17, 883 (1936). 


Research Natl. "Bur. Standards 38, 365 (1947). 


J. M. Lamberti, H. F. Hipsher, ‘and J. V. Karabinas: J. Am. Chem. Soc. 68, 1130 
(1946). 
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TABLE 2n-10. Densities or SELECTED FLUOROCARBON 
AND CHLORO-FLUORO LIQUIDS 
(Range all temperatures; p = g/ml; ¢ = °C) 


Substance Index t p Ref. 
n-Butforane............ C4F i0 20.8 | 1.47 (orthobariec) 1 
Cyclopentforane........ CsFio 20 1.648 2 
Ethforane.............. C.F 6 —78.2 | 1.61 3 
Ethforene.............. C.F, —76.3 | 1.519 3 
Fluoroform............ .| CF3H —84.4 | 1.465 4 
Freon-11............... CCI1;F 15 1.4995 5 
Freon-12.............. CCL.F:2 20 1.326 (orthobaric) 6 
Freon-13.............. CCIF3 — 130 1.726 7 7 
Freon-21............... CHCI.F 15 1.3906 (orthobaric) 5 
Freon-22............... CHCIF; 20 1.2130 5 
Freon-112.............. C.ChLF,. 25 1.6447 8 
Hexforanes (mixture). ..| CeF 44 20 1.697 2 
Methforane............ CF, — 130 1.62 3 
Octforanes (mixture)....| CsFig 20 1.802 2 
n-Pentforane........... CsF ie 20 1.634 2 
Propforane.............| CsFs 0.2 | 1.45 (orthobaric) 1 
Benzo trifluoride........| CsH;CFs; 30 1.1762 9 
p-Fluorotoluene........ CH;C.HuF 30 0.9869 9 
p-Fluorobromobenzene. .| BrC.-H,F 30 1.5859 9 


General reference: J. H. Simons, ed., ‘‘ Fluorine Chemistry,’’ vol. I, Academic Press, Inc., New York, 
1950. 
Pressure is atmospheric unless indicated as orthobaric conditions. 


References for Table 2n-10 


1. Simons, J. H., and L. P. Block: J. Am. Chem. Soc. 61, 2962 (1939); 59, 1407 (1937). 

2. Simons, J. H., ed., “Fluorine Chemistry,’’ vol. I, p. 412, Academic Press, Inc., 
New York, 1950. 

3. Ruff, O. and O. Breitschneider: Z. anorg. u. allgem. Chem. 210, 173 (1933). 

4. Ruff, O., O. Breitschneider, W. Luchsinger, and G. Millschitzky: Ber. 69, 299 
(1936). 

5. Simons, J. H., ed.: “Fluorine Chemistry,” vol. I, Academic Press, Inc., New York, 
1950; Benning, A. F., and R. C. McHarness: Ind. Eng. Chem. 31, 912 (1939); 32, 
814 (1940). 

6. Benning, A. F., and W. H. Markwood, Jr.: ““Thermodynamic Properties of Freon 
12,’ Kinetic Chemicals, Inc., Wilmington, Del., 1942. . 

7. Ruff, O., and R. Keim: Z. anorg. u. allgem. Chem. 201, 255 (1931). 

8. Locke, E. G., W. R. Brode, and A. L. Henne: J. Am. Chem. Soc. 56, 1726 (1934). 

9. Rutledge, G. P., and W. T. Smith, Jr.: J. Am. Chem. Soc. 76, 5762 (1953). 
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TABLE 2n-11. Spectric GRAVITIES OF SELECTED VEGETABLE AND ANIMAL OILs* 
(Range 15-25°C; t = °C; dj} = ratio of density of oil at temperature é, to 
; density of water at temperature é2.) 


Substance di} 
0.960-0 . 967 


Castor oil..........-6-- 
Cod-liver oil..........-- 


0.922-0.931 


Coconut oil.........- were 


0.926 
| pi antontes 0.917-0.918 
avila ctacaaenedens: 0.913-0.915 | 
Linseed ol. ne : . 0.930-0.938 
Neat’s-foot or | 0.913-0.918 | | 
Olive inc sits duinitane eS 0.91268 | 
Shatks< sacar oes se eas 0.918 
Sperins «ia cse ews eek 0.878 : : 
TANG cect a cate: 0.914-0.919 
UDG soba awe Ree a 0.94. 


*C. A. Mitchell, ‘International Critical Tables,’’ vol. 3, p. 201, McGraw-Hill Book Company, Inc., 
New York, 1928. 
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2n-6. Volume of Liquids as a Function of Pressure and Temperature. Introduc- 
tion. When pressure is applied to a confined liquid, the volume of the liquid decreases. 
In the following tables the volumes of several representative liquids are listed at a 
number of pressures and temperatures. These data were all determined by experi- 
mental measurement. The range of pressures is from 1 to 50,000 atm (or to the freez- 
ing point). The range of temperatures is from 0 to 200°C (in a few cases there are 
points outside this range). In addition a compilation of many other liquids for which 
high-pressure data are available is given with references. 

In the tables the volume as a function of Pressure and temperature is expressed i in 
one of three ways: 

1. Specific volume at a pressure and temperature. Units, ml/g. , 

2. Relative volume v/v, where v is the volume at the particular pressure and tem- 
perature and v is the volume in the reference state (usually 0°C and 760 mm). | 

3. The change in volume of a given mass of liquid from a reference pressure of 
5,000 kg/cm? along each experimental isotherm. All the data in the very-high- 
pressure range (5,000 to 50,000 kg/cm?) are expressed in this way. 

Several thermodynamically important parameters can be derived from these data. 
The isothermal instantaneous compressibility is defined by __ } 


" Haagea eS (2), 7 | (2n-5) 


A good approximation of this quantity can be obtained from the shape of the isotherms. 
The coefficient of instantaneous cubical expansion is defined by 


1 { av 
= FCs), oe 


This quantity can also be derived from the experimental data. The second derivative 
of the volume with respect to the temperature 0%7/dT? is an especially important 
parameter in the theory of liquids. Other quantities which can be derived from the 
data are the work of compression and the pressure coefficient. The work of com- | 


pression is given by ues 7 . 
_f{ ar\ 
Sa ay ta : | 2n-7 
i - (ss . | ( a 


The pressure coefficient i 18 the ratio of the thermal expansion to the isothermal com- 
cae oe < : 
ss ji OT )p 
| (dv/dp)r 


Qn-T. Experimental Methods for Studying Compressibility of Liquids. A thorough 
description of the techniques employed in the experimental determination of the 
volume of liquids as a function of pressure and temperature is given by P. W. Bridg- 
man in his text.!. Even more extensive details are given in his original publications. 
The sylphon method, which was used in the pressure range 1 to 12,000 atm, is described 
in Proc. Am. Acad. Arts Sci. 66, 185 (1931). The differential method, which was used 
in the pressure range 5,000 to 50,000 atm, is described in Proc. Am. Acad. Arts Sct. 
74, 21 (1940); and 74, 399 (1942). 


| (2n-8) 


1P, W. Bridgman, ‘‘The Physics of High Pressure,’’ George Bell & Sons, Ltd., London, 
1952; Rev. Modern Phys. 18, 1 (1946). 
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2n-8. General Features of the Behavior of Liquids under Pressure! 


1. Mercury is the least compressible of all the liquids (in range —30 to 200°C). In 
the nonmetallic group glycerin is the least compressible liquid. 

2. At pressures above 10,000 atm, the relative volume change for all liquids is about 
the same. 

3. The melting curve appears to exist up to the highest pressures experimentally 
obtainable with no indication of either a critical point or a maximum. However, at 
very high pressures, the viscosity of some liquids becomes so large that internal 
changes take place infinitely slowly and a subcooling phenomenon appears. 

4. The difference in volume between the solid and the liquid phase tends to decrease 
with increasing pressure but does not tend to become zero at any finite pressure. 

5. Differences in specific volumes among isomers (i.e., compounds having the same 
chemical formula but different structural formulas) tend to disappear at around 
12,000 atm. 

6. The sign of (097/077), changes from plus to minus with increasing temperature 
at constant pressure at pressures above about 3,000 to 4,000 atm. 

7. The quantity (0p/dT), is not a function of volume alone. 


TaBLE 2n-12. VotumE or Pure AtR-FREE H.O as a FUNCTION OF 
PRESSURE AND TEMPERATURE 


Temp. range —20 to 100°C;* pressure range 1—12,000 kg/cm?; specific volume 


in ml/g 
Pr | ~20°C} —15°C] —10°C| —5°C| 0°C | 20°C | 40°C | 60°C | 80°C | 100°C 
kg/cm? 
WS fecnasn scl) wayesdaad hasesan | arect 1.0001}1 .0018|1 .0079|1 .0171/1 0284/1 0435 
500} ..... at ectata | Sette el Marta 0.9770/0 9819/0 9880/0. 9959]1 .0063|1 .0183 
15000 | Gaeta agers. aoe 0 9566/0 .9576|0 9632/0 9706/0 9786/0 .9883|0 .9993 
1,500 | ...... | 0.9370 | 0.9380 |0.9394/0 .9409]0.9476|0 . 9550/0. 9632|0 .9724|0.9826 


2,000 | 0.9203 | 0.9214 | 0.9228 |0.9246/0 . 9261/0 . 9328/0 . 9408/0 . 9492/0. 9582/0. 9679 
2,500 | 0.9061 | 0.9080 | 0.9097 |0.9116/0. 9132/0 .9199\0 . 9282/0 . 9365/4 . 9453/0 .9545 


3,000 /...... 0.8959 | 0.8977 |0. 9000|0. 9015/0. 9084/0. 9167/0. 9020!9 . 9334/0 .9424 
3,500 | ...... 0.8851 | 0.8871 |0.8892/0 .8909)0 .8984/0 . 9062/0. 7912/0 .9225/0 .9312 
BOO. i sesso hc andi ll Bare dean 0.8771 |0.8794/0.8812/0 . 8888/0 . 8966/0 . 9044/0. 9126/0 .9208 
95000") cage I aways 0.8596 |0.8622/0 . 8639/0 . 8709/0 . 8796/0 . 8874/0 .8949/0 . 9028 
G5 QUO 25 eh eee] Se ee lt oa 0.8489/0 . 8565/0 . 8645/0 .872110.8794/0.8871 
DOO 4) oe ee eset oe Bl a aN ae Ot eae Nee tS . ./0.8515/0. 8586/0. 8659/0 .8731 
SOOO oa nN mead ire ein ace ld ied onal otinn g, BET ....|0.8396/0. 8564/0 . 8534/0 . 8604 
DOO cre dc. achat pall acco ar Mae eaa ane’ glee euate 0. 8287/0 .8354/0 . 8422/0 .8490 
PO SOOO!) scents ecg ce dae! dened, Me) Nes Seated be poattiacdl alae, ois 0. 8186/0 . 8252/0. 8318/0 .8385 
DL OOO N 8 so he siliaa dears as Wage ds ase | apeist te ga attra oad S Repeats 0.8090/0 . 8157/0 . 8222/0. 8385 


P2000 erica, Gill eres tale le aed nae Toe tale wine ese ae kee 0. 8006/0. 8070/0. 8134/0 .8199 
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TABLE 2n-12. VoLUME OF PURE AIR-FREE H.O as A FUNCTION OF 
PRESSURE AND TEMPERATURE (Continued) 


Temp. range 25-175°C;} pressure range 5,000-36,560 
kg/cm?; Av in crfh?/1.000 g from 5,000 kg/cm? 


p, kg/cm? 25°C 75°C 125°C 175°C 


5 ,000 0.000 0.000 0.000 0.000 
9,800 0.057 


10,000 0.063 0.066 0.070 


15 ,000 Ice VI 0.105 0.112 0.120 

20 ,000 0.136 0.146 0.157 

21,430 0.144 : 

25 ,000 0.173 0.185 

28 , 140 Ice VII 0.186 

30 ,000 | 0.207 

35 , 000 | Ice VII 0.226 

36 , 560 0.231 
Ice VII 


Temp. range 0-360°C;f pressure range 1-350 atm; specific volume in ml/g 


p,atm| O0°C 20°C 40°C 60°C 80°C 100°C | 120°C | 140°C 


—— | fC | | —  ..—. | fF | Lid. 


1 | 1.0002 ; 1.0020 | 1.0079 | 1.0170 | 1.0289 | 1.0434 
25 | 0.9991 | 1.0009 | 1.0068 | 1.0159 | 1.0277 | 1.0421 | 1.0590 | 1.0785 
50 | 0.9980 | 0.9998 | 1.0057 | 1.0147 | 1.0265 | 1.0408 | 1.0576 | 1.0769 
75 | 0.9968 | 0.9987 | 1.0046 | 1.0136 | 1.0253 | 1.0396 | 1.0562 | 1.0754 
100 | 0.9957 | 0.9976 | 1.0034 | 1.0124 | 1.0241 | 1.0383 | 1.0548 | 1.0738 
125 | 0.9946 | 0.9965 | 1.0024 | 1.0113 | 1.0230 | 1.0370 | 1.0535 | 1.0723 
150 | 0.9935 | 0.9955 | 1.0013 | 1.0102 | 1.0218 | 1.0358 | 1.0521 | 1.0708 
175 | 0.9935 | 0.9944 | 1.0002 | 1.0091 | 1.0207 | 1.0346 | 1.0508 | 1.0694 
200 | 0.9914 | 0.9934 | 0.9992 | 1.0080 | 1.0195 | 1.0334 | 1.0495 | 1.0679 
250 | 0.9893 | 0.9913 | 0.9971 | 1.0059 | 1.0173 | 1.0310 | 1.0469 | 1.0650 
300 | 0.9873 | 0.9893 |; 0.9950 | 1.0038 | 1.0151 | 1.0286 | 1.0444 | 1.0622 
350 | 0.9853 | 0.9873 | 0.9930 | 1.0017 | 1.0129 | 1.0264 | 1.0419 | 1.0595 


ee ee ee eee ee ee ee 


25 | 1.1007) 1.1262) 1. 1.1897 

50 | 1.0989] 1.1241 | 1.1530! 1.1866 | 1.2264 | 1.2747 | 1.3285 

75 | 1.0972) 1.1221) 1.1506 | 1.1836 | 1.2225 | 1.2694 | 1.3213 

100 | 1.0954 | 1.1200] 1.1482 | 1.1806 | 1.2187 | 1.2644) 1.3146 | 1.3965 

125 | 1.0937) 1.1181] 1.1458) 1.1778 | 1.2150 | 1.2596 | 1.3082 | 1.3860) 1.4882 
150 | 1.0920) 1.1161) 1.1435 | 1.1749 | 1.2115) 1.2549 | 1.3020] 1.3764| 1.4712 
175 | 1.0904) 1.1142] 1.1412] 1.1722 | 1.2080 | 1.2505 | 1.2962 | 1.3675 | 1.4563 
200 | 1.0887) 1.1123] 1.1390 | 1.1694 | 1.2047 | 1.2461 | 1.2962 | 1.3591 | 1.4428 
250 | 1.0855} 1.1086) 1.1346 | 1.1642 | 1.1982 | 1.2379 | 1.2854 | 1.3438 | 1.4192 
300 =| 1.0824; 1.1050} 1.1304/ 1.1592 | 1.1921 | 1.2302 | 1.2754 | 1.3303 | 1.3992 
350 =| 1.0793 | 1.1015) 1.1263 | 1.1544 | 1.1862 | 1.2230) 1.2662 | 1.3181) 1.3816 
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TABLE 2n-12. VoLUME OF PURE AIR-FREE H.O as A FUNCTION OF 
PRESSURE AND TEMPERATURE (Continued) 


Temp. range 0-360°C;} pressure range 1-350 atm; specific volume in ml/g 


 p, atm | 340°C | 360°C 


150 1.6287 
. 175 1.5943 
200 1.5671 | 1.8140 
250 1.5243 | 1.6905 
300 1.4908 | 1.6232 
— 350 1.4631 | 1.5758 


* N. F. Dorsey, ‘‘ Properties of Ordinary Water Substance,’’ Reinhold Publishing Corporation, New 
York, 1948. Based on data of P. W. Bridgman, J. Chem. Phys. 8, 597 (1936). See Dorsey for a further 
discussion of the factors involved in the interpretation of these data. 

+P. W. Bridgman, Proc. Am. Acad. Arts. Sci. 74, 419 (1942). These data were taken directly from 
the original publication. 

{L. B. Smith and F. G. Keyes, Proc. Am, Acad. Aris Sci. 69, 285 (1934). oe Dorsey for a comment 
on these data. 


TABLE on-13. VOLUME oF 99.9% D.O as A FUNCTION OF PRESSURE 
_ AND TEMPERATURE * 


_ Temp. range —20 to 100°C; pressure range 1- 12, 000 kg/em?; specific volume 


in ml/g 
en 3 —15°C| —10°C| —5°C! 0°C | 20°C | 40°C | 60°C | 80°C | 100°C 
kg/em?; | | : | lege kee | 
a ees BM a aatcicea Vie nace ae ....{0.9048/0. 9049/0. 9087/0.9169/0. 9272 

B00 | seeded eaek Pon eee basta 10.883310.8857/0. 8905|0.8979|0. 9074/0 .9187 
2000 ace. ee, | oh eee ,. 0.864210 .8652|0..8690|0 .8744|0.8820/0..891210.9011 
1,500[......]..... . | 0.8475 |0.848510. 8495/0. 8543/0 . 8605/0..8680/0.8769/0.. 8864 
2,000 | ...... | 0.8318 | 0.8331 |0.8344/0.8359/0. 8415/0. 8479/0 .8553|/0.8639|0.8731 


2,500 | 0.8178 | 0.8193 | 0.8208 |0.8222/0 . 8239/0 .8298)/0 . 8365/0 .8440/0:. 8521/0 . 8613 
‘3,000 | 0.8066 | 0.8082 | 0.8099 |0.8116)/0 .8132)0.8194)0 . 8260/0 . 8335/0 .8413/0...8502 


3,500} ......]0. 0.8001 |0.8019/0. 8036/0. 8096/0 . 8165/0..8240/0 .8317/0 . 8400 
4,000} ...... , 0.79100. 7928/0 . 7946/0. 8009|0 . 8078/0 .8153)/0. 8227/0. 8305 
5,000|......). vesee| eee. [0.77720 .7789|0.7854/0.7924|0.7996/0. 8064/0. 8143 
62000 icc 2.67) aan fe |e temic 0.7665|0. 7722/0 .7787\0 . 7860/0 . 792610. 8000 
E000 ica htishes'lnaseles toc) aoe seal ba koh alae . .10.7597/0. 7668/0 .7736\0 .7801|0. 7870 
S000 ao ceeds cone Sa accd bevel eis Sta ete ese 0.74900. 7559/0. 7625/0. 7690/0 .7755 
D000 as ie is eed chal eed Baie come .. .|0.7391/0. 7461/0. 7526/0. 7588/0. 7653 
T0000 hese eet ie peated. e Ieee ailenetl ears ......|0.7873/0.7432/0. 7493/0. 7558 


11,000/......]......]. Pe aod eae on eee sce: 0.7293/0.7348|0. 7407/0. 7470 
12,000 )o Saad ee tech ke olesteag | eretelessen\0.4216)\0.7271 0. 7328/0. 7393 


om P. W. Bridgman, J. Chem. Phys. 3, 597 (1936). These values were calculated from ane original 
data assuming a molecular woent of 20.028 (chemical scale) for D2O. : - 
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TaB.Le 2n-14. VotumME or Mercury as A FUNCTION OF PRESSURE 
- AND TEMPERATURE 


Temp. range —30 to 20°C;* pressure range 112,000 atm; specific volume in ml/g 


p, atm —30°C —20°C.} ~—10°C | 0°C 10°C 20°C 
1 | 0.073155 | 0.073288 | 0.073421 | 0.073554 | 0.073687 | 0.073820 
1,000 | 0.072888 | 0.073016 | 0.073143 | 0.073270 | 0.073397 | 0.073524 
2,000 | 0.072626 | 0.072748 | 0.072871 | 0.072993 | 0.073115 | 0.073237 
3 ,000 7 0.072487 | 0.072605 | 0.072724 | 0.072842 | 0.072961 
4,000 |. 0.072233 | 0.072348 | 0.072463 | 0.072579 | 0.072696 
5,000 0.072101 | 0.072213 | 0.072372 | 0.072440 
6 ,000  : 0.071863 | 0.071973 | 0.072085 | 0.072196 
7,000 ns at 0.071744 | 0.071853 | 0.071962 
8 ,000 a _ me _ 0,071632 | 0.071740 
9 ,000 ey s _ 0.071422 | 0.071528 
0.071223 | 0.071328 
0.071140 
0.070962 


Sa a ee a Oe oe ie A ge a 


1-50 | 3.873 X 10-6| 4.259 x 10-6 | 4.518 X 10-6 | 4.879 x 10- 815.551 & 1078 6. 970 X 10-¢ 
1-100 | 3.859 4.231 4.480 4.835 5.461 6.413 

1-150 | 3.850 4.208 4.447 4.798 5.375 . ~ 16,004 

1-200 | 3.843 4.188 4.417 4.762 5.292 5.757 

1-250 | 3.834 - 4.165 14.384. 4.724 5.206 .—-._ |.5.608 

1-300 | 3.823 4.140 4.348 4.683 5.117 5.520 

1-350 | 3.809 4 


.112 4.311 4,641 5.026 5.422 


* P, W. Bridgman, Proc, Am. Acad. Arts Sci. 47, 345 (1911). These values were calculated from the 
original data assuming the density of mercury at 0°C and 760 mm to be 13 -5955 g/ml. 

{+ L. B. Smith and F. G. Keyes, Proc. Am. Acad. Arts Sci. 69, 313 (1934). The mean compressibility 
coefficient (1/v)(Av/Ap). These data were obtained “om the study of the dilation of a nickel container 
under pressure from SpEnpEnessd mercury. 
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‘TaBLE 2n-15. VoLtumMe or Metuyt Atconot (CH;OH) As a FUNCTION OF 
PRESSURE AND TEMPERATURE 
The Relative Volumes in Terms of the Volume at 0°C and 760 mm* 
a 5 
Temp. range 20-80°C; pressure range 1-12,000 atm; v /vo; v = volume at (p,¢); 
vo = volume at 0°C and 760 mm 


A 


p, atm 20°C 40°C | 60°C 80°C 
1 1.0238 1.0483 1.0737 1.1005 
600 0.9811 0.9987 1.0182 1.0400 
1,000 0.9494 0.9651 0.9808 0.9993 
1,500 0.9256 0.9393 0.9526 0.9672 
2 ,000 0.9064 0.9189 0.9306 0.9429 
2 ,500 0.8906 0.9019 0.9124 0.9231 
3,000 0.8763 0.8870 0.8966 0.9065 
3,500 0.8636 0.8733 0.8824 0.8915 
4,000 0.8523 0.8613 0.8700 0.8782 
4,500 0.8420 0.8505 0.8587 0.8663 
5 ,000 0.8325 0.8407 0.8487 0.8559 
6 ,000 0.8163 0.8240 0.8314 | 0.8381 
7,000 0.8023 0.8099 0.8163 0.8231 
8 ,000 0.7907 0.7973 0.8039 0.8102 
9,000 0.7797 0.7859 0.7920 0.7981 
10 ,000 0.7696 0.7756 0.7816 0.7875 
11,000 0.7605 0.7664 0.7728 0.7785 
12 ,000 0.7527 0.7587 0.7652 0.7709 


The Change in Volume in cm per 0.792 g from a Reference Pressure of 5,000 kg/cm? 
along Each Isotherm ft 


errr nn DS TC eer 


Temp. range 25-175°C; pressure range 5,000-50,000 kg/cm?; Av in cm?/0.792 g 


p, kg/cm? | 25°C 125°C 175°C 


me nf rrr | ET, 


5,000 | 0.000 0. 0.000 | 0.000 
10,000 | 0.062 0. 0.073 | 0.082 
15,000 | 0.099 0. 0.117 | 0.128 
20,000 | 0.125 0. 0.139 | 0.161 
25,000 | 0.145 0. 0.174 | 0.187 
30,000 | 0.161¢ | 0. 0.194 | 0.208 
35,000 | 0.173 0. 0.210 | 0.226 
40,000 | 0.183 0. 0.223 | 0.240 
45,000 | 0.191 0. 0.234 | 0.253 
50,000 | 0.199 0. 


* P, W. Bridgman, ‘International Critical Tables,’’ vol. 3, p. 41, McGraw-Hill Book Company, Inc., 
New York, 1928. 

+ P. W. Bridgman, Proc. Am. Acad. Arts Sct. 74, 403 (1942). 

+ Displays subcooling at higher pressures. 
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TaBLe 2n-16. VotumMEe or Eruyt ALCOHOL (C2H;OH) as a FunctTION oF 
PRESSURE AND TEMPERATURE 
The Relative Volumes in.Terms of the Volume at 0°C and 760 mm* 
ie eg Pn cg et 
Temp. range .20-80°C; pressure range 1—12,000 atm; v/vo; v = volume at (p,t); 
Vo = volume at 0°C and 760 mm 
Se Ia eg a ta ee ee 


p, atm 20°C 40°C —|~— 60°C 80°C 
1 1.0212 1.0438 1.0679 1.0934 

500 0.9782 0.9943 1.0121 1.0319 
1,000 0.9479 0.9608 0.9760 0.9922 
1,500 0.9247 0.9358 0.9482 0.9615 
2,000 0.9059 0.9159 0.9266 0.9280 
2,500 0.8899 0.8991 0.9088 0.9187 
3,000 0.8760 0.8848 0.8935 0.9025 
3,500 0.8634 0.8718 0.8800 0.8884 
4,000 0.8517 0.8599 0.8678 0.8756 
4,500 0.8410 0.8491 0.8567 0.8640 
5,000 0.8314 0.8394 0.8467 0.8536 
6 ,000 0.8149 0.8225 0.8291 0.8354 
7,000 0.8009 0.8080 0.8139 0.8196 
8 ,000 0.7888 0.7953 0.8005 0.8060 
9 ,000 0.7776 0.7836 0.7884 0.7940 
10,000 0.7671 0.7726 0.7776 0.7830 
11,000 0.7574 0.7626 0.7682 0.7734 
12 ,000 0.7485 0.7535 0.7600 0.7648 


The Change in Volume in cm? per 0.789 g from a Reference Pressure of 5,000 kg/cm? 
along Each Isotherm } 
Sn 
Temp. range 25-175°C; pressure range 5,000 kg/cm? to 45,000 kg/cm?; Av in cm? 
per 0.789 g 


p, kg/em? | 25°C 75°C 125°C | 175°C 


5,000 0.000 0.000 0.000 0.000 
10,000 0.063 0.069 0.071 0.076 
15,000 0.100 0.109 0.113 0.119 
20 ,000 0.128} | 0.137 0.144 0.151 


25 ,000 0.159 | 0.168 | 0.175 
28,700 0.174 | 

30,000 0.187 | 0.195 
35,000 0.203 | 0.211 
40 ,000 0.217 | 0.225 
45,000 0.230 | 0.238 


* Pp. W. Bridgman, “International Critical Tables,”’ vol. 3, p. 41, McGraw-Hill Book Company, Inc., 
New York, 1928. 

7 P. W. Bridgman, Proc. Am. Acad. Abts Sct. 74, 399 (1942). 

¢ Solid below this. 
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TABLE 2n-17. VoLtumME oF AcETONE (CH;-CO-CH;) as a’ FUNCTION OF 
PRESSURE: AND TEMPERATURE* 
The Relative Volumes in Terms of the Volume at 0°C and 760 mm 


BS a a a as aR a Se ee eee 
Temp. range 20-80°C; pressure range 1~12,000 atm; v/vo; » = volume at (p,t); 
vo = volume at'0°C and 760 mm 


MECHANICS 


* P, W. Bridgman, ‘International Critical Tables,’ 


New York, 1928. 


“TABLE 2n-18. Votume or BENZENE (C.He) as A FUNCTION OF PRESSURE 


Pressure range 1-3,500 kg/cm?; v/vo; v = volume at (p,t); vo = volume at 


* P, W. Bridgman, Proc. Am. Acad. Arts. Sci. 66, 210 (1931). 
P, W. Bridgman, Phys. Rev. 8, 171 (1914). 


AND TEMPERATURE* 


0°C and 760 mm 


3,500 


50°C 


», kg/cm? 95°C 
0 1.0630 1.1295 
500 1.0160 

1 ,000 0.9841 1.0201 
1,500 0.9591 0.9916 
2,000 0.9684 
2,500 0.9494 
3,000 0.9325 
0.9177 


p, atm 20°C 40°C 60°C 80°C: 

1 1.0279 1.0585 1.0925 

500 0.9819 1.0032 1.0282 
1,000 0.9526 0.9706 0.9894 1.0082 
4,500 0.9286 0.9441 0.9594 0.9736 
2 ,000 0.9076 0.9217 0.9347 0.9467 
2 ,500 0.8900 0.9028 0.9141 0.9253 
~ 3,000 0.8748 0.8868 0.8968 0.9073 
3,500 0.8619 0.8729 0.8821 0.8920 
4,000 0.8504 0.8607 0.8694 0.8786 
4,500 0.8402 0.8498 0.8583 0.8666 
- §,000 0.8309 0.8398 0.8482 0.8558 
6 ,000 0.8148 0.8225 0.8306 0.8370 
7,000 0.7997 0.8072 0.8148 0.8209 
8,000 0.7866 0.7935 0.8003 0.8066 
~9,000 | ...... 0.7815 0.7876 0: 7939 
10 ,000 hese 0.7707 0.7764 0.7821 
11,000 Freezes 0.7607 0.7665 0.7715 
12,000 |. ...... 0.7515 0.7577 0.7617 


’ vol..3, p. 42, McGraw-Hill Book Company, Inc.’ 


Phase diagram of benzene given in 
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TABLE 2n-19. VoLUME oF CARBON BISULFIDE (CS) as A FUNCTION OF 
PRESSURE AND TEMPERATURE 
The Relative Volumes in Terms of the Volume at 0°C and 760 mm* 


Temp. range 20-80°C; pressure range 1—12,000 atm; v/vo; v = volume at (p,t); 
vo = volume at 0°C and 760 mm 


p, atm 20°C 40°C 60°C 80°C 
1 1.0235 1.0490 1.0774 1.1092 

500 0.9854 1.0051 1.0243 1.0458 
1,000 0.9567 0.9734 0.9887 1.0061 
1,500 0.9338 0.9483 0.9615 0.9762 
2,000 0.9151 0.9277 0.9397 0.9592 
2,500 0.8994 0.9105 0.9215 0.9327 
3 ,000 0.8852 0.8953 0.9055 0.9154 
3,500 0.8730 0.8820 0.8916 0.9003 
4,000 | 0.8620 0.8702 0.8790 0.8870 
4,500 0.8521 0.8596 0.8679 0.8754 
5 ,000 0.8429 0.8501 0.8578 0.8649 
6 ,000 0.8265 0.8337 0.8405 0.8468 
7,000 0.8119 0.8196 0.8258 0.8316 
8000 0:7990 0.8070 0.8130 0.8188 
9 ,000 0.7875 0.7954 | 0.8014 0.8071 
10 ,000 0.7774 0.7844 0.7906 0.7962 
11,000 | 0.7686 0.7741 0.7802 0.7857 
12 ,000 0.7609 | 0.7646 0.7706 0.7758 


The Change in Volume in cm? per 1.261 g from a Reference Pressure of 5,000 kg/cm? 
along Each Isotherm f 


Temp. range 25-175°C; pressure range 5,000-30,000 kg/cm?2; Av in cm? per 1.261 g 


p, kg/cm? | 25°C 75°C 125°C | 175°C 


—— ef ef SS 


15,000 0.110 | 0.118 | 0.126 
18,300 0.131 

20 ,000 0.148 | 0.159 
24 ,400 0.170 

25 ,000 0.184 
30 ,000 0.204 
30,700 0.2061 


* P. W. Bridgman, “International Critical Tables,’’ vol. 3, p. 41, McGraw-Hill Book Company, Inc., 
New York, 1928. 

t P. W. Bridgman, Proc. Am. Acad. Arts. Sct. 74, 415 (1941). 

t Solid below this. 
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TABLE 2n-20. VOLUME OF CARBON TETRACHLORIDE (CCl,) AS A FUNCTION OF 
PRESSURE AND TEMPERATURE* 
The Relative Volumes in Terms of the Volume at 50°C and 760 mm Pressure 


Pressure range 1-3,500 kg/cm?; v/vo; v = volume at (p,t); vo = volume at 50°C and 
760 mm 
p, kg/cm? 50°C 95°C 
0 1.000 | 

500 0.9519 0.9928 
1,000 0.9192 0.9540 
1,500 0.8962 0.9362 
2,000 | ...... 0.9049 
2,000- |) sedsaa 0.8872 
3,000 | ...... 0.8762 
3,000: ||. sectan 0.8603 


* P, W. Bridgman, Proc. Am. Acad. Arts Sci. 66, 212 (1931). 


TABLE 2n-21. VoLtUME Or CHLOROFORM (CHCI;) as A FUNCTION OF 
| PRESSURE AND TEMPERATURE* 
The Change in Volume in cm per 1.489 g from a Reference Pressure of 5,000 
kg/cm? along Each Isotherm 


Temp. range 25-175°C; pressure range 5,000—18,400 kg/cm?; A v in cm? per 
1,489 g from a reference pressure of 5,000 kg/cm? 


po, kg/cm? 25°C 75°C | 125°C: | (175°C 


5,000 0.000 0.000 | 0.000 0.000 


* P, W. Bridgman, Proc. Am. Acad. Arts Sci. 74, 413 (1941). 
+ Solid below this, 
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TABLE 2n—22. VoLuME or ETHER ((C2H;)20) as aA Funcrion or Pressure 
AND TEMPERATURE* 
The Relative Volumes in Terms of the Volume at 0°C and 760 mm 


a ee 


Temp. range 20-80°C, pressure range 1—12,000 atm; v/v; v = volume at (p,é); 
Vo = volume at 0°C and 760 mm 


p, atm 60°C 80°C 
1 1. .: 

500 0. 0. 1.0123 1.0369 
1,000 0. 0. 0.9683 0.9874 
1,500 0. 0. 0.9336 0.9484 
2,000 0. 0. 0.9069 0.9189 
2,500 0. 0. 0.8860 0.8962 
3,000 QO. 0.§ 0.8688 0.8776 
4,000 0. 0. 0.8407 0.8481 
5 ,000 0. 0. 0.8189 0.8252 
6 ,000 0. Q. 0.8017 0.8070 
7,000 0. 0. 0.7865 0.7917 
8 ,000 0. Q. 0.7725 0.7779 
9,000 0. 0. 0.7597 0.7652 

10 ,000 0. 0.7482 0.7535 
11,000 0. 0.7377 0.7427 
12 ,000 0. 0.8280 0.7326 


*P. W. Bridgman, ‘International Critical Tables,” vol. 3, p. 41, McGraw-Hill Book Company, Inc., 
New York, 1928. Additional data on ether are reported in the same temperature and pressure range 
by Bridgman, Proc. Am. Acad. Arts Sct. 66, 218 (1931). These data were obtained by a method dif- 
ferent from that above. | 


TABLE 2n-23. VoLUME oF GLYCERIN (CHz-OHCHOHCH:OH) as a Function 
OF PRESSURE AND TEMPERATURE * 
The Relative Volumes in Terms of the Volume at 0°C and 760 mm 


a 


Temp. range 0-95°C; pressure range 1—-12,000 kg/cm?; v/vo; v = volume at (p,t); 
Vo = volume at 0°C and 760 mm 


coeoocoooeosc ore“ 


CSCooeoece Oo C06 CO em px pm 
Les) 
rs 
EN 
a] 


*P. W. Bridgman, Proc. Am, Acad. Arts Sci. 67, 10 (1932). 
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TABLE 2n-24. IsoTHERMAL COMPRESSIBILITY OF SULFURIC AND Nitric Acips* 


| ; = 
Mean compressibility coefficient 6 = 10" (22) 


Vi \P2o2— Pi 
Substance t, °C | pi, pe, atm B 
Sulfuric acid........... 12.6 1; 161 ~33 


Nitric: @CIdiuies ux oe neds 0 1, 32 ~35 


*I,, Decombe and J. Decombe, “International Critical Tables,” vol, 3, p. 35, McGraw-Hill Book 
Company, Inc., New York, 1928. . . 


TABLE 2n-25. IsoTHERMAL COMPRESSIBILITY OF LIQUEFIED GASES* 


| | _ , | 6 ez 
Pressure range 1-14,500 atm; mean compressibility coefficient 6 = su (=) 


V1 \Pz — Pi 
Substance _ 4, °C | pi, P2, atm B 
Brome: -deawwer aia: 20. | 100, 200 ~57 
Carbon dioxide..... eae 0 | 95.1: 430t 
Chlorine........... ee 20 100, 200° 108f 
Pleat 36 5 cues Greeks — 271.6 -. 1, 14,500. >38 
Hydrogen............5++5. — 260 1, 14,500 >3l 
Nitrogen....:.....0505005- — 205 . 1,14,500 | >15 


_ *L. Decombe and J. Decombe, “International Critical Tables,’ vol. 3, p. 35, McGraw-Hill Book 
Company, Inc., New York, 1928. 
6 
+ Instantaneous compressibility coefficient ne = — BOs se) 
v1 OP J r 


ft Estimated value. . 
2n-9. References to Compressibility Data $6 Other Supetances 


Reference: P. W. Bridginan, Proc. Am. Acad. Arts Set. 67, 6 (1932) 
Pressure range: 0 to 12, 000 kg/cm? 


Substances: 
Ethylene glycol Methyl oleate 
Trimethylene glycol Tri-caproin 
Propylene glycol n-Butyl phthalate 
Diethylene glycol _ Eugenol 
Tri-o-cresyl phosphate ea Isooctane (2,2,4 tri-methyl pentane) 


Tri-acetin “ Jeoprene, 
Ethyl] dibenzyl malonate. 


Rersrenee! P. W. Bridgman, Proc. Am. Acad. Arts Sct. 66, 198 (1931) 
Pressure range: 0 to 12,000 kg/cm? 


Substances: 
Normal pentane. | Chlorobenzene 
Isopentane - Bromobenzene 
2-Methyl pentane > _ Bromoform 
3-Methyl pentane — __Tsopropyl alcohol 
2-2-Dimethyl butane ' Normal-butyl alcohol 
2-3-Dimethy] butane | Normal-hexy] alcohol 


Normal Heptane 
Normal Octane 
Normal Decane 
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Reference: P. W. Bridgman, Proc. Am. Acad. Arts Sci. 68, 1 (1933) 
Pressure range: 0 to 12,000 kg/cm? 


Substances: 
Triethanolamine _ --- Normal-amyl1 bromide 
Normal-propy] chloride Normal-amy] iodide — 
Normal-propyl bromide Octanol-3 
Normal-propy] iodide 2-methy] heptanol-3 
Normal-butyl chloride | 2-methyl heptanol-5 
Normal-butyl bromide _ 2-methyl heptanol-1 
Normal-buty] iodide _  3-methyl heptanol-4 


Normal-amy] chloride 


Reference: P. W. Bridgman, Proc. Am. Acad. Arts Sci. 74, 403 (1942) 
Pressure range: 5,000 Be/em to 50, 000 kg/cm? 


Substances: 
Normal-propyl alcohol __. ~ Chloroform 
Isopropyl] alcohol Chlorobenzene 
Normal-buty] alcohol - Methylene chloride 
Normal-amy] aleohol Ethylene bromide 
Ethyl bromide —. — Cyclohexane 
Normal-propyl bromide Methyl cyclohexane 
Normal-butyl bromide . p-Xylene 
Ethyl] acetate _ Benzene 


Normal-amyl ether 


Reference: P. W. Bridgman, ‘International Critical Tables,” vol. 3, p. 40, McGraw- 
Hill Book Company, Inc., New York, 1928. 

Pressure range: 1 to 12,000 atm 

Substances: 


Phsaakiorsus trichloride | 
Ethyl iodide 

Ethyl chloride 

Isobuty]l alcohol 


Reference: R. S. Jessup, Natl. Bur. Standards (U.S.) Research Paper 244, 1930. 
Pressure range: 1 to 50 kg/cm? 

Temperature range, 0° to 300°C 

Substances: 14 petroleum oils 


Reference: F. R. Russell and H. C. Hottel, Ind. Eng. Chem. 80, 372 eee) 
Pressure range: 1 to 400 kg/em?. Max. sa a 425°C iw 
Substance: Liquid naphthalene 


2n-10. Adiabatic and Isothermal Compressibilities of Liquids. The adiabatic com- 
pressibilities Bag of a great many organic liquids at room temperature are available 
from measurements of the velocity of sound.! 


bared | gs 
eat Baap ken?) 


a 


The isothermal compressibility 8;...can be obtained from the adiabatic compressi- 
bility by the thermodynamic relation 


Ta 
iso = Pa + 
B Bad ne, 
in which a = thermal coefficient of volume expansion, 7 = Kelvin pempere ture: and. 
Cp = specific heat at constant pressure. | 


1G. L. Bergmann, “ Der Ultraschall,” 6th ed., pp. 375ff., Stuttgart, 1954. 


(2n-10) 
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- TaBLe 2n-26. ADIABATIC AND IsOTHERMAL COMPRESSIBILITIES OF CERTAIN. 
OrGaANIc LIQUIDS | 
All values in cm?/dyne at 20°C unless otherwise stated; data were obtained 
in fashion described in text 


Liquid Baa X 1012 | Bisco X 1012 | Remarks 
Acetic acid..............-00 208 75 91 ae 
Acetone.......... ee Lee re re 90.6 125.6 t 
ADHiNGs osi.9363 cue beeen s 36 45 * 
Bengene.. cicecua cas Pou awed 65.8 95.4 t 
Carbon bisulfide................ 59.8 92.7 tT 
Carbon tetrachloride............ 72.8 105.8 T 
Chlorobenzene...... Pee eee 55 74 : 
Chloroform.................0-- 67.8 100.7 T 
Cyclohexane................--- 83 110 25°* 
Piel s:64.35 5% oe ea See tae 140.6 186.8 T 
Ethyl acetate.......... ee 82 113 - 
Ethyl aleohol................... 94.1 111.3 T 
Ethylene chloride............... 55 80 - 
Heptane sc hackse yf Uisand meade aes . 111.4 143.9 t 
Methyl alcohol...............-. 101.9 | 123.4 t 
Nitrobenzene................--- 40 49 © * 
Toluene........ oaeanee ee ee 66.4 90.6 t 


* Data from “International Critical Tables,’’ McGraw-Hill Book Company, Inc., New York, 1928. 
+ Data from Tables annuelles de constantes et donnees numeriques, vol. IX. (Gauthier-Villars & Cie, 
Paris, and McGraw-Hill Book Company, Inc., New York, 1929.) 


TABLE 2n-27. IsoTHERMAL COMPRESSIBILITIES OF AQUEOUS SOLUTIONS 
All values in cm2/dyne at 20°C unless otherwise stated 


ee a ae ea as 


oe Solution PORCED ALON, Biso X 1012 | Remarks 
is : % of solute 
Ammonium nitrate........... 11.50 42.21 
28 .00 36.90 
Calcium chloride............. 4.095 41.4 
20 . 22 31.2 30°C 
Hydrochloric acid............ 7.15 43 .42 
21.92 40.58 
Potassium chloride........... 2.51 42.9 
22.19 32.8 30°C 
Potassium nitrate............ 6.25 43.25 
21.8 35.90 
Pure water.......... waeeeetnwlt  neacawtace 45.80 
Sodium sulfate.............- 2.55 43 .60 
11.90 | 35.70 


All values are taken from Tables annuelles de constantes et donnees numeriques, vol. IX, 1929. 


20. Viscosity of Liquids | 


WLADIMIR PHILIPPOFF 


Franklin Institute 


The viscosity » of a liquid is defined as the ratio between the shearing stress in 
dynes/cm? and the rate of shear in sec! according to Newton’s law. The unit is 
dynes - sec/cm? = 1 poise, and 0.01 poise = 1 centipoise (cp). One often uses the 
kinematic viscosity » = »/p in stokes or 0.01 stokes = 1 cs, where p is the density in 
grams/ce. A practical unit is the Reyn; 1 Reyn in psi - sec = 69,000 poises. Some- 
times the reciprocal unit, the fluidity ¢ = 1/y in Rhes is used. 

Viscosity is measured with a large variety of viscometers. Often the shearing stress 
is given by the hydrostatic head of the liquid itself; in this case the instruments 
measure v. Such an instrument is the technical Saybolt viscometer that measures the 
viscosity in seconds Saybolt Universal (SSU) or seconds Saybolt Furol (SSF). The 
relation between these units and cgs units is given in tables.1_ For the calibration of 
viscometers the calculation of the viscosity from the dimensions is difficult. The best 
standard is water, which has been rechecked recently.?. In the calibration of capillary 
viscometers, the values have to be corrected for the kinetic energy of the emerging 
liquid. Faster flow causes turbulence. In a standardization of viscometers for higher 
viscosities, a calibration with higher-viscosity liquids such as the National Bureau of 
Standards (NBS) oils as secondary standards, listed in the tables below, can be used. 

Viscosity increases exponentially with hydrostatic pressure. Most complete tables 
are given in an ASME report (1953) for oils and P. W. Bridgman’ for organic liquids. 
Also, viscosity depends strongly on temperature; generally, the higher the viscosity, 
the higher is the temperature dependence. Values for oils can usually be plotted as a 
straight line in the Refutas chart (ASTM chart) according to the empirical Walther 
equation log-log (v + 0.8) = m log T, where » is in centistokes and T is the absolute 
temperature in °K. 

The viscosity of the usual oils is constant from the smallest rate of shear up to at 
least 105 sec™!. Solutions of high polymers or greases have viscosities that are strongly 
dependent on the applied shearing stress or rate of shear. The former can be con- 
sidered to be non-Newtonian liquids, which means that their viscosity changes from 
a high value at low rates of shear to a low value at high rates of shear. Greases have 
yield values below which no flow exists. 

The viscosity of solutions of polymers depends very strongly on the concentration 
of the solute, reaching enormous values for high concentrations. Empirical formulas 
are used to describe this in a wide range of variables. In describing the viscosity of a 
solution, the relative viscosity nrei is used. It is defined as viscosity ef solution / 
viscosity of solvent. Solutes are characterized by their “intrinsic viscosity,” 


1J. Inst. Petroleum Technol. 22, 21 (1936). . | 
2 By J. F. Swindells, J. R. Coe, Jr., and T. B. Godfrey, J. Research Natl. Bur. Standarde 
48, 1 (1952). 
3’ Proc. Am. Acad. Arts Sci. 61, 57 (1926). 
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[n] = [(nret — 1)/cle+o where cis the concentration in g/100-ml solution. This quantity 
is connected with the molecular weight or degree of polymerization of the polymer. 

The quoted values for the viscosity of organic compounds depend on their chemical 
purity. They must be regarded as reference values only, as in many cases the exact 
chemical purity is not stated. 

Table 20-1 contains values of the viscosity in centipoises of a series of well-known 
liquids as function of temperature in the range from —40 to 180°C. Superscripts refer 
to the accompanying bibliography. 


Tabu 20-2. SECONDARY Srcianne oF Viscosity. APPROXIMATE VISCOSITIES 
or NBS O1zs ror CALIBRATING VISCOMETERS 


| Absolute, poises Kinematic, stokes 
i a a So 
20°C 25°C | 37.78°C (100°F)| 20°C 25°C =| 37.78°C (100°F) 

D 0.020] 0.018 | ' 0.014 0.026 | 0.023 0.019 

H 0.074] 0.063 |: 0.044 0.091 | 0.078 0.055 — 

I 0.12 0.10 0.066 0.14 0.12 0.081 

J 0.21 0.17 0.11 0.25 0.21 | . 0.13 

K 0.41 0.32 0.18 0.48 0.38 0.22 

L 1.0 | 0.74 0.37 1.1 0.84 — 60.48 

M | 3.0 2.1 1.0 3.4 2.4 1.1 

N 14 9.6 4.0 1 | i 4.60 

OB | 330 210 62* 380 | 240 — -70* 

P| 480+ 200* 95t 540+ 230* 110f. 


These oils are not intended for use as permanent standards. They are not suitable for stockroom. 


items and should be ordered only for immediate use in 1-lb samples. The exact viscosities are listed 
by the NBS for each sample. The National Bureau of Standards should be consulted about these oils. 
* 40°C. . | . 
Tt 30°C. 
$ 50°C. 


TABLE 20-3. SECONDARY STANDARDS OF. VISCOSITY. APPROXIMATE VISCOSITIES 
or NBS OILs FOR CALIBRATING SAYBOLT VISCOMETERS 


Oil | Temp., °F | Viscosity v, CS 


SB . 100 300 SSU 65 


SC _ 130 300 SSU 65 
SF |. 122 170. SSF 360 


These oils are not intended for use as permanent standards. They are not suitable for stockroom 
items and should be ordered-only for immediate use in 1-lb samples. The exact viscosities are listed 
by the NBS for each sample. :: The National Bureau of Standards should be consulted about these oils. 
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TABLE 20-4. VISCOSITIES OF INDUSTRIAL OILS AND LUBRICANTS 


Grade 


Typical automotive crankcase lubri- 
cants (Mid-Continent crude) is 


Typical turbine oil characteristics 
(steam turbines) :f 


Heavy. SSG epee sesh alee 
Synthetic crankcase oil (polyalkylene 
glycol derivative—Prestone 

motor oil) t 


Silicone synthetic fluids:{ 
DC-200-350. 0.0.0.0... eee 
DC-200-20; och vb ke teh nee ees 

Light mineral hydraulic oil§......... 


210°F 


SUS cs 
44 5.44 
54 8.48 
64 11.3 
77 14.8 
94. 19.0 
43 5.12 
51 7.60 
58 9.65 
48 6.68 
62 10.8 
651.2 140 
49.0 7 
42 4.82 


* ‘Physical Properties of Lubricants,’’ American Society of Lubricating Engineers, 1951. 
+ Forbes, Pope, and Everett, ‘‘Lubrication of Industrial and Marine Machinery,’’ p. 211, John Wiley 


& Sons, Inc., New York, 1954. 


¢ Wilson, Synthetic Engine Lubs Found Economical, SAE J., October, 1947, p. 25. 


q{ Dow Corning Catalog. 


§ ‘Physical Properties of Materials,’’ American Society of Lubricating Engineers, 1951. 


TABLE 20-5. AIRCRAFT-ENGINE LUBRICATING-OIL SPECIFICATIONS 
(REcIPROCATING) GOVERNMENT SpEciFIcaTions MiIL-0-6082* 


Grade Temp., °F | Viscosity, SUS | Viscosity, cs 
65 (1065) 210 62-68 10.8-12.4 
80 (1080) 210 76-84 14.5-16.6 
100 (1100) 210 93-103 18.8-21.2 
120 (1120) 210 115-125 23 .9-26.2 


Aircraft Gas-turbine Lubricating Oils—Typical Testst 


AN-0-9 grade (1010) —40 
AN-0-9 grade (1010) 100 
AN-O-9 grade (1010) 210 
AN-O0-8 grade (1065) 100 
* AN-O-8 grade (1065) 210 


12 ,936 
59.4 10.2 
34.5 2.46 
530 115 
67 12.2 


econ eee nen PS TS 
* Forbes, Pope, and Everett, ‘‘Lubrication of Industrial and Marine Machinery,”’ p. 134, John Wiley 


& Sons, Inc., New York, 1954. 
¢ Lubrication 34, 48 (April, 1948). 
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TABLE 20-6. VISCOSITY. OF PLASTICIZERS AND OTHER ORGANIC LIQUIDS AT 
Room TEMPERATURE 


Temp., °C Viscosity, cp 


Dioctyl phthalate*........... 20 81.4 
Dibutyl phthalatet........... 25 15.8 
Diethyl phthalatet........... 25 10.0 
Dimethyl] phthalatet.......... 20 17.1 
Octyl aleohol*............... 25 7.07 
Tricresyl phosphatet{.......... : 20 106 
Dioctyl adipatet............. 20 12.9 
Dioctyl sebacatef{............ 20 17.9 


* Carbide and Carbon Chemical Co. 
ft Commercial Solvents Corp. 
~D. N. Buttrey, ‘‘ Plasticizers.’’ 


TABLE 20-7. Viscostry oF MERCURY IN CENTIPOISES* 


—20°C | —10°C| 0°C | 10°C | 20°C | 30°C | 40°C | 50°C | 60°C | 80°C | 100°C 
1.855 | 1.764 | 1.685) 1.615/ 1.554/ 1.499| 1.450] 1.407] 1.367] 1.298! 1.240 


* “Handbook of Chemistry and Physics,” 37th ed., Chemical Rubber Publishing Company, Cleve- 
land, 1985. 


2p. Tensile Strength and Surface Tension of Liquids 


ARTHUR F. SCOTT 
Reed College 


FRED D. AYRES 


Reed College 


WESLEY L. NYBORG 


Brown University 


& 


Rn EEE 


2p-1. Tensile Strength. Historical and General. The maximum negative pressure 
(tensile strength) that a liquid can withstand has been the object of numerous investi- 
gations. Experimental values are quite discordant among themselves and are 
generally much lower than the theoretical estimates. The tensile strength of a liquid, 
measured in a device known as a tonometer, is taken as that stress (negative pressure) 
under which the liquid ruptures. A point of concern has been the possibility that 
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rupture occurs at the wall of the container rather than in the body of the liquid’ and 
that therefore the observed negative pressure is a measure of adhesive force rather 
than of the assumed cohesive force. 


TaBLE 2p-1. TensiLe SrrenctH or Liquips By Various Mrruops 


Max ee Max 
Liquid and negative | , Liquid and 1 négative 
. Ref. eat veh ef. 
method pressure, | method a pressure, 
atm atm 
Water: - Ether: Raw ; 
A-1* — 60-150 | 1 A-2 rs ey 6 1 
A-1f 157 2 B-1 — “2.2 1 
A-1t 17-56 3 | Mineral oil: ” OW ee 
A-1 68 4 A-1 se 119 2 
A-2 34 1 A-19 24 2 
A-3 17 1 A-4 | 678 7 
Bi af ap BA fd 
B20 —-0.2-0.5 1 | Acetic acid, C-3 | 288° 8 
B83 | 4° |1,8]Benzene,C-3 | 150 8 
C-1 | 4.8 | 1 | Aniline, C-3 | 300 8 
C-1 ee en OO 5 | Carbon tetrachloride, C-3 276 8 
C-2 5.6 5 | Chloroform, C-3 317, 8: 
C-3 277 6 | Mercury, C-3 425 9 
Alcohol: 
A-2 40 1 
A-3 17 1 
B-1 2.4 1 
Cel 7.9 1 


* Values reported prior to 1941. 

+ Tubes boiled for 8 hr to expel air. 

} Tubes filled by vacuum technique to eliminate air. 
q Tube sealed by liquid frozen in capillary side arm. 


References for Table 2p-1 


. Vincent, R. S.: Proc. Phys. Soc. 68, 141 (1941). 

. Vincent, R. 8., and G. H. Simmonds, Proc. Phys. Soc. 55, 376 (1943). 

Scott, A. ie D. P. Shoemaker, K. N. Tanner, and J. G. Wendel, J. Chem. Phys. 
16, 495 (1948). 

Scott, A. F., and G. M. Pound, J. Chem. Phys. 9, 726 (1941). 

; Temperly, H. N. V., and L. G. Chambers, Proc. Phys. Soc. 58, 420 (1946). 

* Briggs, Lyman J.: J. Appl. Phys. 21, 721 (1950). 

. Vincent, R. S.: Proc. Phys. Soc. 55, ‘41 (1943). 

. Briggs, Lyman J.: J. Chem. Phys. 19, 970 (1951). 

. Briggs, Lyman J.: J. Appl. Phys. 24, 488 (1953). 
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Methods of Measuring’ Tensile Strength. ~Brief descriptions of these methods are 
given below, arranged according to the means used to produce the stress in the Hawa: 
Each method is given a code designation for identification in Table 2p-1. Aa 

A. STRESS PRODUCED BY COOLING AND THUS CONTRACTING THE LIQUID: In Berthelot’s 
method (A-1) the liquid, sealed in a thick-walled capillary tube, is first warmed until 
it just fills the tube and is then cooled until thé liquid “breaks.”” The maximum 
negative pressure is calculated from the known mechanical properties of the liquid, 
assuming its extensibility to be the same as its compressibility. In Meyer’s method 


TENSILE STRENGTH AND SURFACE TENSION 2-171 


(A-2) a spiral glass capillary is part of the tonometer and indicates the pressure exerted 
by the liquid, which completely fills the vessel. Meyer calibrated his spiral manom- 
eters under both positive and reduced pressure. Worthington, in a single experiment 
(A-3), measured the tension by means of a mercury-in-glass dilatometer, the bulb of 
which was enclosed within the tonometer. The calibration curve of the dilatometer, 
obtained previously by applying positive pressure, was extrapolated into the negative 
region. Vincent used a viscosity: tonometer (A-4) in which the liquid completely filled 
a glass bulb and a fine capillary tube attached to it. By controlled cooling of the bulb, 
a gradually increasing tension is exerted on the liquid, measured at any time by the 
rate of flow through the capillary. The maximum tension can be calculated from the 
observed rates of flow before and after the liquid ruptures. 7 

B. STRESS PRODUCED BY EXPANDING THE VOLUME OF TONOMETER: Vincent has 
described a new method (B-1) which employs a metal bellows completely filled with 
the liquid. Extension of the bellows exerts a pull on the contained liquid. An early 
method (B-2) involved the use of a long (2-m) tube closed at one end with a semi- 
permeable membrane. After being filled with air-free water the tube is inverted and 
the open end is placed in a mercury trough. Evaporation of the water through the 
membrane causes the mercury to rise in the tube. The tension is estimated from the 
length of the column in excess of normal barometric height. Hulett (1903), in con- 
nection with an experiment of this type, observed a marked decrease in rate of evapo- 
ration as the mercury column rose and called attention to the analogy between nega- 
tive pressure and osmotic pressure. This relationship forms the basis of a method 
for measuring the osmotic pressure of a solution. Budgett (B-3) measured the force 
required to pull apart flat steel surfaces wetted by a thin film of the liquid. 

C. STRESS PRODUCED BY CENTRIFUGAL FORCE: Several experiments have been 
reported in which tension is developed by rotation of the tube containing the liquid. 
Reynolds (C-1) used U tubes sealed at both ends, with one arm longer than the other. 
One arm is filled completely with liquid; the other arm is only partially filled with 
liquid under its own vapor pressure. The tube is rotated about an axis positioned 
somewhat above the open part of the U. Temperly used a similar method (C-2), 
except that the short arm was open to the atmosphere. Recently Briggs (C-3) 
employed a Z-shaped capillary tube, open at both ends, rotating in the Z plane about 
an axis passing through the center of the Z and perpendicular to the plane. The 
liquid menisci are located in the bent-back short arms of the Z. The speed of rotation 
is increased gradually until the liquid in the capillary “breaks.”’ 

A fairly complete summary of the experimental measurements of the tensile strength 
of pure liquids is tabulated below. Information and references pertaining to work 
prior to 1941 are to be found in ref. 1, a paper which also gives an account of method 
B-1. This tabulation does not include the results of those experiments in which 
materials such as wood or steel were introduced into a glass tonometer in an effort to 
ascertain the adhesive forces between the liquid and these materials; nor does it 
include the results of measurements with aqueous solutions. 

The tensile strength of liquids has been considered in connection with the rise of sap 
in trees! and bubble formation in supersaturated liquids.2. Recently, tonometerlike 
devices have been described? for the purpose of detecting cosmic particles. In one 
such “bubble chamber,’ provided with a movable piston inserted through an O ring, 
the liquid is stressed by retracting the piston. This particular chamber is filled with 
isopentane and operates at a negative pressure of approximately 6 atm.4 The fact. 


'1 Robert E. Hungate, Plant Physiol. 9, 783 (1934). 
2K. C. Marboe, Chem. Eng..News 27, 2198 (1949). 
- 3 —D. A. Glaser, Phys. Rev. 87, 665: (1952). 
4 Jere Lord, University of Washington, private communication. 
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that cosmic particles can act to produce bubbles in liquids under tension and so break 
the stress casts serious doubts on the significance of all measurements of tensile 
strength. For it is conceivable that the limit to the observed maximum tension 
attainable in any particular tonometer is not simply the cohesive or adhesive forces, 
but the chance release of the tension resulting from the passage of a cosmic particle. 

2p-2. Surface Tensions and Surface Energy of Liquids.* Definitions. Owing to 
molecular attraction two fluids in contact adjust themselves so that the area of their 


TaBLE 2p-2. Surrace TENSION OF WATER AGAINST AIR* — 


Surface Surface > Surface 
Temp., ; Temp., : Temp., : 
é tension, °C tension, . tension, 
dynes/cm | dynes /cm dynes/cm 
—8 77.0 15 73 .49 40 — ©€669.56 
—5 76.4 18 73 .05 50 67.91 
0 75.6 20 72.75 60 66.18 
5 74.9 25 71.97 70 64.4 
10 74.22 30 71.18 80 62.6 


58.9 


* General reference: ‘* Handbook of Chemistry and Physics,’ 37th ed., Chemical Rubber Publishing 
Company, Cleveland, 1955. 


TaBLE 2p-3. Surrace TENSION oF Various LIQUIDS 


In Tem Surface 
Name Formula | contact 5 P- tension, Ref.* 
: ; C 
with dynes/cm 
Acetic acid............ .| CeH,O2 | Vapor 10 28.8 | AC(22,23,25); 
Acetic acid............. C.H,O | Vapor 50 24.8 GC(1); J8(14); 
tPRS(1); ZC(1,6) 
Acetone............--. C3:H.O | Air or 0 26.21 AC(20,24,25) ; 
vapor AdC(1); BF(1); 
Acetone.............-. C3;H.O | Air or 40 21.16 JP(5); JS(4,14); 
vapor ZC(6) 
Ammonia............ ..| NHs Vapor 11.1] 23.4 JP(7) 
Ammonia.............. NH; Vapor 34.1}; 18.1 JP(7) 
APSO, s b3-40clateac eee A | Vapor |—188 13.2 JS(15) 
Benzene............... C.He Air 10 30.22 AC(8,5,31,32,34) ; 
Benzene............... CeHa Air 30 27 . 56. BF (2); JP(5); 
: | Jg(4,9,10,11,14); 
PRS(2);tRIA(1); 
tPRS(1); ZC(4,5) 
Benzophenone.......... Ci3H19O | Air or 20 45.1 AC(27); AS(1); - 
vapor ZC (5) 
Bromine............... Bre Air or 20 41.5 AC(17); AdP@); 
vapor GC(1) 
n-Butyric acid..... aeie C.HsO2 | Air | 20 26.8 AC(27); GC(1); 


JS(4) 
ne CS 
3 General references: Neil K. Adam, ‘‘The Physics and Chemistry of Surfaces,’’ Chap. 


IX, Oxford University Press, New York, 1941; H. 8. Taylor and 8S. Glasstone, ‘' A Treatise 
on Physical Chemistry,” D. Van Nostrand Company, Inc., New York, 1952. 
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TaBLe 2p-3. Surrace Tension or Various Liquips (Continued) 


Name 


Carbon bisulfide........ 


Carbon tetrachloride... . 
Carbon tetrachloride... . 


Chlorine...... 


Chlorine............. | | 


Chloroform............ 


Cyclohexane........... 
Ethyl acetate........... 
Ethyl acetate........... 


Ethyl alcohol...... Pasta okt 
Ethyl alcohol........... 


Ethyl ether............ 
Ethyl ether...... cere 
Glycerol............. - 
Glycerol............... 
TOU oo. fd dow ee hccae 4 
Heit sos sank aes 
n-Hexane.............. 


Neon.. 


Nitric nad (98. 8%) 


Nitrogen. . 


Nitrogen......... efi eke te 
Nitrogen tetra oxide. ee 
n-Octane............... 


Formula 


CS. 


In 


contact 
with 


Vapor 


Vapor 
Vapor 
Vapor 
Vapor 
Vapor 
Vapor 
Vapor 
Vapor 


Air 


Surface 
tension, 
dynes/cm 


27.14 


1) 
or) 
bd or Or 


Ref. * 


AC(17,28); GC(1); 
BF (2); JS(14); 
PRS(2), ZC(6) 

VK(1,2) 

VK(1,2) 

JS(15) 

AC(3,5,6,28,31) ; 
PRS(1,2); ZC(5) 

AC(11); JP(8) 

AC(11); JP(8) 

AC(6,20,28); 
JP(5); JS(11); 
PRS(2);tRIA(1); 
tPRS(1); ZC(5) 

AC(6,28,31); 
AdC(1); PRS(2); 
tRIA(1); ZC(6) 

PRS(1); ZA(1) 

AC (26,33); 
AdC(1); AS(2); 
JP(5); tPRS(1); 
ZC(6) | 

AC (22,23,25,32) ; 
BF (2); JP(5); 
tRIA(1); 
tPRS(1) 

AC(4,15,28,31); 
AdC (1); tPRS(1) 

JR(1); MB(1); 
ZA(A); ZC(3) 

cUL(2); PRA(2) 

cUL(2); PRA(2) 

AC(5,6,16) ; 
AdC(1); AS(1) 

cUL(1); PRA(1) 

AC(13) 

AC (22,23,25,32) ; 
tPRS(1) 

cUL(8); PRA(3) 

JS(2) 

JS(15) 

JS(15) 

JS(A4) 

AC(4,5,34); JS(4) 

AC (4,5) | 

JS(15) 
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TABLE 2p-3. SurFacE TENSION oF Various. Liquips . (Continued) 


ee epee rr i sO PN eee 


In | Tem Surface 
Name. _ | Formula } contact - P., tension, Ref.* 
aie with dynes /em | 
ORG POD cea cretuatrns Bays Oz Vapor /|—203 18.3. |JS (15) 
Phenol o4.:04 5 ci0t04 een CeH.O | Airor |. 20 40.9 AC(18,19,25);. 
| | vapor |_ JS(2,6,13) ; JP(4) 
Phosphorus trichloride. .} PCls Vapor 20 29.1 AC(17); GC(1); 
-_ | JP(2); JS(4) 
n-Propylamine.......... C;H»N | Air 20 | 22.4 GC(1); JS(3) 
‘Sulfuric acid (98.5%) ...| H.SO, Air or | 20 55.1 AC (17a) ; | 
a _ | vapor _ AdP(7); JS(2) 
Toluene...........-. ..| CrHs — | Vapor 10 | 27.7 | AC(4,17,20,31) 
Toluene...............-| C7Hs Vapor 30 | 27.4 | JP(5); PRS(2); 
ZC(5,6) | 


< . . 7 
* General reference: ‘‘ Handbook of Chemistry and Physics,’”’ 37th ed., Chemical Rubber Publishing 
Company, Cleveland, 1955. A reference key is on pp. 2-176 and 2-178. 


TABLE 2p-4. Surrace TENSION OF METALS 


Substance es | . | Surface 
Name | Sernbol Gas cere tension, Ref.* 
oh ws | dynes/cm 
Aluminum..... Al Air 700. 840 =| CR(1) 
Antimony..... Sb HH, 750 368 . | ZA(A4) 
Antimony..... Sb He 640 350 PM(1) 
Bismuth.......|. Bi He 300 388 PM(1) 
Bismuth.......|. Bi | | He 583 854 . | ZA(4) 
Bismuth.......| Bi CO 700-800 346 AdP(2) 
Cadmium...... |. Cd Hz 320 630 AC(10) 
Copper........|. Cu He 1131 1,103 ZA(4) 
Gallium....... Ga CO2 30 . 358 AC(30) | 
Gold..........) Au H. 1070 | 580-1,000 | AdP(1); AdP(2); JI(1) 
headioesg tine. — Pb He 350 453 © PM(1) 
Lead.......... Pb H. 750. 423 ZA(A) 
Mercury:...... Hg Vacuum QO. 480.3 | AC(7) 
Mercury....... Hg Air 15 487 AC(Q); AdP(5); 
_AdP(6); CR) 
Mercury....... . Hg He 19 470 PM(1) 
Mercury.......| Hg Vacuum 60 467.1 | AC(7) 
Platinum...... Pt Air 2000 1,819 | AdP(2) 

- Potassium..... K CO2 | 62 411 . | AdP(3) | | 
Silver.......... Ag Air 970. 800 AdP(2); AdP(4); JI(1) 
Sodium........ Na CO. | 90 294 AdP(8) 
Sodium........ Na Vacuum 100 206.4 | PR(1) 
Sodium........ Na Vacuum 250 —C 199.5 | PR() 

3 i 5 a ene Sn He 253 526 PM(1) 
OTT ed we aienlh. deo Sn He 878 508 ZA(A) 
PANG 202 Grate des Zn H., .. 477 753. ~~ | AC(10) 
Zimnc........... Zn Air. 590 708 =| JT G1) 


rn 
* General reference: ‘‘ Handbook of Chemistry and Physics,’’ 37th ed., Chemical Rubber Publishing 
Company, Cleveland, 1955. A reference key is on pp. 2-176 and 2-178. 
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interface is a minimum consistent with other requirements. The work required to 
extend the surface by unit area is called the “free surface energy.”’ In solving prob- 
lems it is convenient to replace the concept of free surface energy by that of a hypo- 
thetical tension, acting parallel to the surface. Named the surface tension and its 
value denoted by y, this is defined as the normal tensile force per unit of length across 
any line traced on the surface. The free surface energy and the surface tension have 
the same dimensions. (MT-2) and are numerically equal; the units of y may be given 
as either dynes/cm or as ergs/cm?. ‘ 


TaBLE 2p-5. Surrace TENsIons or Aqueous SOLUTIONS AGAINST 
AIR—ORGANIC* 


a 


Substance °C y = surface tension for concentrations indicated 
Acetic acid......... 30 | % | 1.000) 2.475) 5.001/10.01/30.09/49. 96/69. 91 100.00 


y (68.0 (64.4 (60.1 [54.6 |43.6 |38.4 |34.3 | 26.6 


Acetone........... 25 | % | 5.00 |10.0 {20.00 |25.00/50.00/75.0 195.0 |100.00 
: y |55.5 |48.9 /41.1 [38.3 [30.4 [26.8 {24.2 | 23.0 


Ethyl alcohol...... 30 | % | 0.979] 2.143) 4.994)10.39/25 .00/50.00/75 .06/100.00 
: : y (66.1 (61.6 (54.2 (45.9 /34.1 |27.5 |24.7 | 21.5 


Sucrose............ 25 | % 110.0 |20.0 {30.0 |40.0 |55.0 
y 172.5 |73.0 (73.4 /74.1 175.7 


* General reference: ‘‘ Handbook of Chemistry and Physies,”’ 37th ed., Chemical Rubber Publishing 
Company, Cleveland, 1955. 


Formulas Involving Surface Tension. When the interfacial surface between two 
fluids is curved the pressure p; on the concave side exceeds that, po, on the convex side 
by the amount me 
| (pi — po) = y(Ri! + R27) | (2p-1) 


where Fi, R» are the principal radii of curvature. The pressure p due to surface ten- 
sion within a liquid drop or gas bubble of radius R surrounded by liquid is 


A 


_ 2y . ae 
P= > | e | (2p-2) 


The velocity v of sinusoidal ripples on the surface of a liquid of great depth is given by! 


2 _ gr Qary : = 
v amas | _ (2p-3) 


where J is the wavelength of the ripples, g is the acceleration due to gravity, and p is 
the density of the liquid (cf. Sec. 2a). | | 
Methods of Measuring the Surface Tension of a Liquid Relative to a Gas Phase. 1. 
Capillary-height method. Ifa vertical capillary tube whose bore radius ris sufficiently 
small rests with its lower end below a liquid surface the liquid in it will rise to a height h 


1 Rayleigh, Phil. Mag. 30, 386 (1890). 
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given approximately by 


27 cos 0 
= — ~~ 2p-4 
gr(p ae pv) ( 4 ) 


where p, is the density of the gas above the liquid, and @ is the contact angle of the 
meniscus with the tube wall (# is often zero). If the tube is not sufficiently small, cor- 
rections must be applied to the above formula.’ : 

2° Maximum-bubble-pressure method. If a bubble is blown at the lower end of a 
tube of small bore dipping into a liquid the pressure in the bubble reaches a maximum 
value given by | 


2 
p=— *  (2p-5) 


where r, as before, is the bore radius. If r is not sufficiently small, corrections must be 
applied to the above formula.’ 

3. Drop-weight method. The weight w of a drop falling from the tip of a vertical 
tube is given by 


Wea (2p-6) 


where F is an empirical function! of (V/r?), V being the drop volume. When (V/r*) 
is 5,000, F is 0.172; as (V/r?) decreases to 1.55, F increases steadily to 0.26; further 
decrease of (V/r3) causes F to oscillate slightly around 0.25. 


Reference Key to Surface-tension Data 


AC. Journal of the American Chemical Society. (1) Baker and Gilbert, 62, 2479-2480 
1940. (2) H. Brown, 56, 2564-2568 (1938). (3) Harkins and Brown, 41, 449 
(1919). (4) Harkins, Brown, and Davies, 39, 354 1917. (5) Harkins and Cheng, 
43, 35 (1921). (6) Harkins, Clark, and Roberts, 42, 700 (1920). (7) Harkins and 
Ewing, 42, 2539 (1920). (8) Harkins and Feldman, 44, 2665 (1922). (9) Harkins 
and Grafton, 42, 2534 (1920). (10) Hogness, 43, 1621 (1921). (11) Johnson and 
McIntosh, 31, 1139 (1909). (12) Maass and Boomer, 44, 1709 (1922). (13) Maass 
and Hatcher, 42, 2548 (1920). (14) Maass and McIntosh, $1, 1139 (1909). (15) 
Maass and Wright, 48, 1098 (1921). (16) Morgan and Chazel, 35, 1821 (1913). 
(17) Morgan and Daghlian, 338, 672 (1911). (17a) Morgan and Davis, 38, 555 
(1916). (18) Morgan and Egloff,. 38, 844 (1916). (19) Morgan and Evans, 39, 
2151 (1917). (20) Morgan and Griggs, 39, 2261 (1917). (21) Morgan and Kramer, 
35, 1834 (1913). (22) Morgan and McAfee, 38, 1275 (1911). (23) Morgan and 
Neidle, 35, 1856 (1913). (24) Morgan and Owen, 33, 1713 (1911). (25) Morgan 
and Scarlett, 39, 2275 (1917). (26) Morgan and Schwartz, 33, 1041 (1911). (27) 
Morgan and Stone, 35, 1505 (1913). (28) Morgan and Thomssen, $8, 657 (1911). 
(29) Morgan and Woodward, 35, 1249 (1913). (30) Richards and Boyer, 43, 274 
(1921). (31) Richards and Carver, 48, 827 (1921). (32) Richards and Coombs, 
37, 1656 (1915). (33) Richards and Matthews, 30, 8 (1908). (34) Richards, 
Speyers, and Carver, 46, 1196 (1924). 

AD. Atti della reale accademia nazionale dei Lincei. (1) Magini, 1911, 184, 10. 

AdC. Annalen der Chemie, Justus Liebigs. (1) Schiff, 223, (47) 84. 

AdP. Annalen der Physik. (1) Heydweiller, 62, 694 (1897). (2) Quincke, 134, 356 
(1868). (3) Quincke, 186, 621 (1868). (4) Gradenwitz, 67, 467 (1899). (9) 
Meyer, 66, 523 (1898). (6) Stéckle, 66, 499 (1898). (7) Roéntgen and Schneider, 
29, 165 (1886).* 


1 Adam, op. cit. Chap. IX. 
* Continued on p. 2-178. 
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TaBLe 2p-6. Surrace TENnsion or AQuEous SoLuTIONS AGAINST ATR— 
INORGANIC* 
(f = gram formula weights per 1,000 g of solvent) 


For these aqueous solutions the values of Ay are given. Av is the difference between the surface 
tension of the solution and that of the solvent at the same temperature. Positive values of AY mean 
that the surface tension of the solution is greater than that of the solvent; negative values the reverse. 
For convenience in computing the surface tension, the current accepted value for the surface tension of 
water at the stated temperature is given in the second column. 


°C 


Formula Ay for concentrations indicated 
(yH.0) ss 


oF 6 eee 25 flo. 5| 1.0] 2.0) 3.0} 5.0| 11.2 
(71.97) | Ay |0. 5| 3.21 6.9] 11.0] 18.4/] 35 
HCl........... 20 f |....| 0.5] 1.0] 2.01 4.0\ 6.0! 9.0! 17.7 
| (72.75) | Ay |....|—0.2 |~0.3 |—0.5|-0.9/-1.3 | —2.9| —7 
NH,OH....... 18 f |..... 0.5] 1.0] 1.5! 3.0! 6.0! 15.01 34.0 
(73.05) | Ay |..../-1.4 |-2.4 |-3.1]|-5.2!—7.8 |—12 0/—16 0 
HNO ......... 20 y |....f 0.7] 1.5] a.gl...../...... 8.5 
(72.75) | ay |.....-0.6 |-1.1 |-1.8].....}...... a4 
KCl........... 20 f loa 5| 1.0| 2.0| 3.0: 4.0| 4.4 
(72.75) | Ay |0.1 70| 1.4! 2.81 4.21 5.5/ 6.0 
-KOH......... 18 sy |....} 0.5! 1.0! 2.0) 3.8 
(73.05) | Ay |.. 9| 1.8! 3.51 6.7 
MeCls......... 20 jy loa 5| 1.0! 2.0| 3.0] 3.65 
(72.75) | Ay 10.3 521 3.0! 6.4] 10.2] 13.0 
MgSOu........ 20 f loa 5/ 1.0! 2.0 2.7 
(72.75) | Ay 10.2 03} 2.1] 4.61 6.5 
NaBr......... 20 yj |..... 0.5! 1.0] 1.51 2.9 
(72.75) | Ay|....| 0.7} 1.3] 2.01 3.8 
NaCl......... | 20 j lo.1} 0.5! 1.0! 2.0' 3.0 5.0! 6.0 
(72.75) | Ay |0.17| 0.82! 1.64, 3.31 4.9 82!/ 9.8 
NaeCOs....... 20 f 0.25 5 1.0 1.5 
(72.75) | Ay |0.7 3] 2.7] 4.0 
NaNO ....... | 20 y lo1 5! 1.0! 2.0' 3.0\ 5.01 7.0\ 12.2 
(72.75) | Ay (0.12! 0.60! 1.2| 2.44 3.5) 56! 7.5 113 
NaOH........ 18 f 7 ia eee ee 5.0] 11.0) 14.0 
(73.05) | Ay ee a ee eee 10.0! 23 | 28 
Na.S0,....__ 20 jf lo.2| 0.5] 1.0 
| (72.75) | Ay 0.5] 1.4] 2.7 


* General reference: ‘‘ Handbook of Chemistry and Physics,’ 37th ed., Chemical Rubber Publishing 
Company, Cleveland, 1954. 
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2q. Fluid-flow Properties of Porous Media and 
Viscosity of Suspensions 
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2q-1. List of Symbols 


percentage porosity 

permeability 

v volume of fluid crossing unit area per unit time 
7 shear viscosity 

k’ k/n 

FR Reynolds number 

r flow resistance 

p fluid pressure 

na shear viscosity of suspensoid 

no shear viscosity of suspending fluid 

c concentration of particles 

f ratio of semimajor to semiminor axis of ellipsoid 


See 


2q-2. Percentage Porosity. P is a measure of the fluid capacity of a porous 
medium. It is defined as the percentage volume of voids per unit total volume. In 
dealing with the flow properties of a porous medium one is concerned with the per- 
centage porosity actually available during flow, i.e., the relative amount of intercon- 
nected pore space. Therefore, the available porosity (quoted in Table 2q-1) may be 
somewhat less than the total porosity calculated from the density of the medium. 

2q-3. Permeability. k is a measure of the ease with which a fluid flows through a 
porous medium under the influence of a pressure gradient. It is defined from the 
empirical relation known as Darcy’s law in the following way: If v is the volume of 
fluid crossing unit area per unit time under the pressure gradient dp/dz, for small 
values of v (to be specified below), one finds empirically that 


k’ oe =v (2q-1) 
where k’ is a constant dependent on both the fluid and the medium. It-is found, 
further, that the constant k’ can be written as k’ = k /n, where 7» is the coefficient of 
shear viscosity of the fluid, and &k is by definition the permeability. Defined in this 
way, & is practically independent of the properties of the fluid and depends only upon 
the character of the porous structure. 

If a Reynolds number is defined as R = avp/n (where p is the fluid density and a 
is a length characteristic of the porous structure, such as the average pore size), it is 
found empirically that Darcy’s law as given above holds for R lesg than about 5. 

Many attempts have been made to calculate permeabilities in terms of more funda- 
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mental properties of the medium, but in general this has not met with success, and k 
is usually looked upon as a parameter which can be known only by direct measure- 
ment. One exception to this is Kozeny’s equation which gives a good approximation 
to the permeability of powders having a negligible number of “blind” pores. In 
particular, it agrees well with experiment for a given medium in which the porosity 
is changed by alteration of packing. The equation is 


1 Ps 
‘=; a=7s] am 


where P is the fractional porosity (percentage porosity /100) and S is the total surface 
area of the particles contained in a unit volume of the medium. 


- TasBLe 2q-1. Typican FLow PARAMETERS OF SOME Porous MaTERIALS* 


Material % porosity | Permeability, darcys 
Graded sand: 
30-40 Mesh cck iced aed nes Hees 40 345 
40-50 mesh............ 00002 e eee 40 66 
50-60 mesh..............----0005 40 44 
60-70 mesh. ..........0. 022 eee ee 40 31 
70-80 mesh. .......... 0000s 40 26 
80-100 mesh.................545. 40 11 
100-120 mesh..............0.55000064 40 10 
120-140 mesh.................085. 40 9 
Fine heterogeneous sands............. 30-35 1-10 
Silvana eho eee nes 35-45 5-180 
Pine POWdErs:< jocd-eeos eeu ee oes 35-70 0.01-0.1 
Sandstones............ 00002 e eee eee 10-20 0.01-1.0 
Acoustic absorbing materials......... 90-95 35-180 
Hair telt..cbccwsasndedadendee aes en 95 900 


* The permeability of a given type of porous substance varies widely depending upon such factors as 
the degree of cementation and the nature of the interconnections between pores, and so the values 
quoted above represent only typical values that have been reported in the literature cited in the refer- 
ences at the end of this section. 


In geophysical work the most common unit of permeability is the darcy; this is the 
unit that results when length is measured in centimeters, time in seconds, viscosity in 
centipoises, and pressure in atmospheres. Consequently a porous structure will have 
a permeability of 1 darcy if, for a fluid of 1 centipoise viscosity, the volume flow is 
1 cc/cm? area under a pressure gradient of 1 atm/cm. 

In acoustical transmission in which air is the fluid medium and where the flow 
properties of a material determine its acoustic impedance, the constant usually 
specified is the flow resistance r = 7/k, where » is the viscosity of air (1.8 X 10-2 ep 
at room temperature). 

Permeability measured in darcys can be converted to a self-consistent cgs system 
of units by the relation 


1 darcy = 9.8697 X 10-* poise (cm/sec) /(dynes/cm?) 


2q-4. Viscosity ef Suspensions. The suspension of small numbers of solid particles 
in a liquid affects the apparent viscosity of the mixture in a predictable way for that 
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class of suspensions known as lyophobic sols, or ‘‘suspensoids.”’ These are systems 
in which the principal forces between particles are of a mechanical nature (1.e., 
viscous). In suspensoids the particles are microscopic in size and precipitation is 
easy and is irreversible in the sense that a purely chemical change will not make the 
coagulum go back into suspension. In lyophilic sols (gels), on the other hand, coagu- 
lation is reversible and a submicroscopic structure usually exists. Here small changes 
in the state of the system can lead to large alterations of gross physical properties. 
Only the class known as lyophobic sols, or suspensoids, will be discussed here (cf. Sec. 
_ 2g for gels). 7 

For spherical particles, and for small concentrations of particles, it has been found 
possible to express the apparent-shear-viscosity coefficient yn, of a suspensoid in terms 
of the shear-viscosity coefficient of the fluid no and the volume concentration of par- 
ticles c by the expression first derived by Einstein: 


na = no(1 + $e) (2q-3) 


This result is independent of particle-size distribution. Einstein’s equation gives 
fair agreement with measurements for concentrations up to about 1 per cent. 

Various other expressions have been proposed for higher concentrations. One 
that fits measurements quite well up to about 30 per cent concentration, again for 
spherical particles, is 


na = no(1 — c)# »  (2q-4) 
To some extent the viscosity of suspensoids having particles of nonspherical shape 
can be approximated. In general one has for small concentrations 


ta = no(l + ¢c) (2q-5) 


where ¢ depends upon the shape of the individual particles but not upon their size 
distribution. For ellipsoids where f is the ratio of semimajor to semiminor axes, 
Hisenschitz gives, for the case where f is large compared with unity and where the 
particles are large enough so that Brownian motion is negligible, 
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Again for long particles, but when Brownian motion of the particles is large, one has 


sie 
* ~ 15dog 2 = 15) ay 
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@r-1. Introduction—Status of Available Data. Although the possibility of occur- 
rence of cavitation in hydrodynamic systems was recognized as long ago as 1754 by 
Euler,} significant researches on the physical phenomena have been developed only 
during the first half of the present century. This has resulted from the growing 
importance of the effects of cavitation (both useful and detrimental) in such diverse 
fields as underwater propulsion and hydraulic machinery (loss of efficiency, damage to 
materials, noise), underwater signaling (background noise, absorption of acoustical 
power), hydroballistics (increased drag and instability of missiles), medicine (divers’ 
bends, bullet wounds), and chemical processing (acceleration of reactions and mixing 
processes, industrial cleaning). Because of the complexities of the phenomena— 
hydrodynamical and physicochemical—in cavitated regions, research activity con- 
tinues to emphasize understanding and description of events. Consequently, this 
section is restricted to brief descriptions of the various factors involved in the cavi- 
tation process and to the presentation of data which, while consistent within them- 
selves, are intended primarily to illustrate the text. In all cases, reference should be 
made to the original source for guidance in judging the limits of accuracy and applica- 
bility of these data. | 

The discussion given here is concerned particularly with phenomena associated with 
flowing liquids and excludes cavitation produced by heat addition (boiling) and 
acoustical pressure waves as well as problems of pure liquids (e.g., ultimate tensile 
strength). Rather complete discussions of cavitation in flowing liquids (and about 
forms moving through stationary liquids) have been given by Ackeret? and Eisenberg,’ 
and extensive bibliographies will be found in the papers of these authors and in a 
compilation by Raven et al.* 


2r-2. Definitions and Nomenclature 
= ys 


eee eee cavitation number 
gpU? 
P ambient pressure 


1 Leonhard, Euler, Théorie plus compléte des machines, qui sont mises en mouvement par 
la réaction de l’éau, Historie de l’ Academie Royale des Sciences et Belles Lettres, Classe de 
Philosophie Experimentale, Mem. 10, pp. 227-295, 1754 (Berlin, 1756). 

2 J, Ackeret, Kavitation (Hohlraumbildung), Handbuch der Experimentalphystk IV (1), 
461-486 (Leipzig, 1932). 

3 Phillip Eisenberg, Kavitation, Forschungshefte fiir Schiffstechnik 3, 111-124, 1953; 
4, 155-168 (1953); 5, 201-212 (1954); On the Mechanism and Prevention of Cavitation, 
David Taylor Model Basin, U.S. Navy Dept. Rept. 712, July, 1950; A Brief Survey of 
Progress on the Mechanics of Cavitation, David Taylor Model Basin, U.S. Navy Dept. 
Rept. 842, June, 1953. 

4, A. Raven, A. M. Feiler, and Anna Jesperson, An Annotated Bibliography of Cavitia- 
tion, David Taylor Model Basin, U.S. Navy Dept. Rept. R-81, December, 1947. 
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Dy vapor pressure or actual pressure within a cavity 
p mass density of liquid | 
U stream velocity 
o, or K cavitation number for inception of cavitation (“critical’’ cavitation 
| number) 
Re = he Reynolds number 
Vp 
p kinematic viscosity 
d diameter of a body of revolution 
dm maximum diameter of steady-state cavity 
length of a steady-state cavity 
R radius of a transient cavity 
h altitude of a cone 
ees ffici 
Cp = DUA rag ee cient 
D drag 
A area of body in plane normal to stream or cross-sectional area of 
circular cylinder | 
Cy(e) drag coefficient at cavitation number o 
a total absolute air content 
Qs total saturation air content 


2r-3. Inception of Cavitation. It is now generally agreed that cavitation originates 
with the growth of undissolved vapor or gas nuclei existing in the liquid or trapped on 
microscopic foreign particles. It is well known that the rupture forces of very clean 
and carefully degassed liquids are of the order of those predicted by kinetic theoretical 
formulations. Experimental evidence has also been obtained that water saturated 
with air, but denucleated by application of very high pressures, exhibits large tensile 
strength (of the order of several hundred atmospheres).!_ Thus the presence of nuclei 
is evidently necessary for the inception of cavitation at pressures of the order of vapor 
pressure. In supersaturated liquids, it is easy to account for the presence and stabil- 
ity of such nuclei, but in saturated and undersaturated liquids, the situation is not 
clear, and the presence of nuclei is usually accounted for on the basis that they are 
stabilized on suspended particles.2. As a consequence, depending upon the size and 
number of these-nuclei, cavitation may be expected to begin above as well as below 
the vapor pressure. The effect of total air content was shown in experiments of 
Crump? using a venturi nozzle having a diffuser of 5° included angle. Figure 2r-1 
shows that in the undersaturated liquid it was possible to obtain tensions as the air 
content was reduced. Results in a nozzle with an abrupt expansion, however, show 
opposite trends in the pressures required for inception,‘ although here too tensions 
were obtained. Comparable results for sea water® are shown in Fig. 2r-2; since the 


1 Newton E. Harvey, W. D. McElroy, and A. H. Whiteley, On Cavity Formation in 
Water, J. Appl. Phys. 18, 162-172 (February, 1947). 

2 Hisenberg, loc. cit.; P. S. Epstein and M. 8S. Plesset, On the Stability of Gas Bubbles in 
Liquid-Gas Solutions, J. Chem. Phys. 18, (11), 1505-1509 (November, 1950). 

3S. F. Crump, Determination of Critical Pressures for the Inception of Cavitation in 
Fresh and Sea Water as Influenced by Air Content of the Water, David Taylor Model 
Basin, U.S. Navy Dept. Rept. 575, October, -1949. 

48. F. Crump, Critical Pressures for the Inception of Cavitation in a Large-scale Numachi 
Nozzle as Influenced by the Air Content of the Water, David Taylor Model Basin, U.S. 
Navy Dept. Rept. 770, July, 1951. 

5S. F. Crump, Determination of Critical Pressures for the Inception of Cavitation in 
Fresh and Sea Water as Influenced by Air Content of the Water, David Taylor Model 
Basin, U.S. Navy Dept. Rept. 575, October, 1949. 
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water is supersaturated, thus presumably containing a large number of undissolved 
nuclei, bursts of cavitation are observed at pressures well above vapor pressure. 

Properties of the liquid such as viscosity and surface tension influence the growth 
of nuclei and, consequently, the inception pressures. In this connection, the presence 
of surface-active materials (detergents, etc.) affect inception pressures through alter- 
ation of surface tension. 
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%e-Callber Rounded 
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Caliber 3 4 
> ¢ 


Blunt 


Fia. 2r-3. Critical cavitation number for first change in minimum pressure coefficient of 
bodies of revolution and minimum pressure coefficient vs. caliber of rounding. (After 
Rouse and McNown.) 


Environmental factors which must be considered when attempting to predict 
inception include not only the average pressure and pressure-gradient conditions 
determined by the flow boundaries (such as bounding walls or a moving body) but 
also the magnitude and duration of pressure fluctuations in turbulent regions and 
boundary-layer effects including flow in zones of separation. An example of the 
effects of the boundary layer and, in particular, local separation is shown in Fig. 2r-3 
from the work of Rouse and McNown.! In this figure are compared the minimum 
pressure coefficients with the cavitation numbers at which the pressure distribution 
first showed a change. This change is attributed to microscale cavitation in locally 
separated flows and served to define the critical cavitation number. Effect of model 
size on inception has been studied by Kermeen? and others. While the mechanisms 
are still only incompletely understood, trends are fairly well established and are con- 


1 Hunter Rouse and John 8S. McNown, Cavitation and Pressure Distribution; Head 
Forms at Zero Angle of Yaw, State Univ. Iowa Studies Eng. Bull. 32, 1948. 

2R. W. Kermeen, Some Observations of Cavitation on Hemispherical Head Models, 
Calif. Inst. Technol. Hydrodynamics Lab. Rept. E-35.1, June, 1952. 

3 Blaine R. Parkin, Scale Effects in Cavitating Flow, Calif. Inst. Technol. Hydrodynamics 
Lab. Rept. 21-8, July 31, 1952. 
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sistent with the concept of nuclei and the role of the boundary layer.1. An example 
of Kermeen’s results is shown in Fig. 2r-4 wherein the average values of a large number 
of data are plotted for models of various diameters. 

2r-4. Transient (Bubble) Cavities. These are small individual bubbles which 
grow, sometimes oscillate, and eventually collapse and disappear. Of particular 
interest here are the pressures produced in the vicinity of such cavities when they 
collapse. From studies of damage and acoustic radiation produced by such cavities, it 
is known that pressures of the order of thousands of atmospheres are developed. 
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Fra. 2r-4. Cavitation number K for incipient cavitation (as defined by value at which noise 
disappears) as a function of Reynolds number for bodies with hemispherical heads and 


cylindrical middle bodies. (The 14-in. A model was more accurately consunucies than the 
W-in. B model.) (After Kermeen.) 


However, since the maximum pressure rise is confined to durations of the order of a 
microsecond, definitive measurements have not yet been achieved. The motion of 
such cavities depends not only upon the ambient pressure conditions but also upon 
the amount of permanent gas in the bubble and the condensation rates of the vapor 
as well as the properties of the liquid—compressibility, viscosity, surface tension. 
Except for surface tension, all these factors tend to decrease the rate of collapse; in 
addition, distortion from spherical shape caused by pressure gradients or bubble-wall 
instability tends to result in reduced collapse rates and thus reduced pressures. 
Plesset,? employing Rayleigh’s* theoretical formulation for collapse of a spherical 
cavity in incompressible inviscid fluid but including effect of surface tension and 


1 Kisenberg, loc. cit.; Parkin, loc. cit. 

2M. S. Plesset, The Dynamics of Cavitation Bubbles, J. Appl. Mech. 16, 277-282 
(September, 1949). 

3 Lord Rayleigh, On the Pressure Developed in a Liquid during the Collapse of a Spherical 
Cavity, Phil. Mag. 34, 94-98 (1917). 
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comparing with the experimental results of Knapp and Hollander,! has shown that, 
in the region from maximum radius down to about one-quarter the maximum radius, 
the motion can be predicted with fair accuracy as long as the bubble is approximately 
spherical. This idealized theory, which predicts that the bubble-wall velocity is of 
the order of R-? as R — 0 (and that the maximum pressure is infinite) is, of course, 
inadequate for the final stages of collapse where the effects mentioned above become | 
important. For example, a further approximation carried out by Gilmore? shows 
that the effect of compressibility of the liquid is to reduce the wall velocity to the 
order of R-?. | | 

2r-5. Steady-state Cavities. Such cavities (also referred to as ‘“‘fixed’’ and 
“‘sheet’’) are large stationary cavities observed behind blunt obstacles and on hydro- 
foil profiles with relatively sharp leading edges. While such cavities are, especially 
at low cavitation numbers, usually filled only with vapor phase and other gas, they 
are often observed to contain a mixture of individual-bubbles and liquid phase. The 
surface usually oscillates, and often parts or the entire cavity are observed to grow 
and collapse; the average envelope, however, behaves essentially as the boundary of a 
time-independent flow.? 

Reliable measurements of cavity shape have been made up to now only for axisym- 
metric cavities. Data for the principal dimensions of cavities formed behind trun- 
cated forms with the apex upstream (disks, cones, hemispheres, semiellipsoids, ogives) 
have been reported by Reichardt‘ and Eisenberg and Pond.’ Such measurements for 
cavities about bodies of revolution composed of cylindrical middle bodies and various 
head shapes have been reported by Rouse and McNown.® Reichardt’s data are 
particularly of interest, since they extend to the lowest cavitation numbers yet 
attained (as low as 0.013). 

For the truncated forms for which the leading edge of the cavity is essentially 
fixed at the trailing edge of the form (cones, disks), measurements of the principal 
dimensions can be represented within the experimental error by formulas given by 
Reichardt.’?. The ratio of maximum cavity diameter to diameter of disk or base of 
cone is 


din mae | 
Fie | | (2r-1) 
where f = 1 — 0.13203 —  (2r-2) 


and values of Cp(0) are given in Table 2r- 1. The ratio of maximum cavity diameter 


to cavity length is . 
dm _ (0.066 + 1.700) | 
1 ~ «+ 0.008 aa) 


2r-6. Drag in Cavitating Flow. Available data indicate that, for the truncated 
bodies discussed above, the drag coefficient is a linear function of the cavitation num- 


1R. T. Knapp, and A. Hollander, Laboratory Investigations of the Mechanism of 
Cavitation, Trans. Am. Soc. Mech. Engrs. 70, (5), 419-4385 (July, 1948). 

2 Forrest R. Gilmore, The Growth or Collapse of a Spherical Bubble in a Viscous Com- 
pressible Liquid, Calif. Inst. Technol. Hydrodynamics Lab. Rept. 26-4, Apr. 1, 1952. 

3 Eisenberg, loc. cit. 

4H. Reichardt, The Laws of Cavitation Bubbles at Axially Symmetrical Bodies in a 
Flow, Ministry Aircraft Prod., Rept. Translations 766, Aug. 15, 1946 (distributed in the 
United States by the Office of 'N aval Research, Washington, D.C.) 

5 Hisenberg, loc. cit.; Phillip Eisenberg and Hartley L. Pond; Water Tunnel Investigations 
of Steady State Cavities, David Taylor Model Basin, U.S. Navy Dept. Rept. 668, October, 
1948. 

6 Loc. cit. 

7 Loc. cit. 
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ber. Available data may be represented by! 
Cpo(c) = Cp(0)(1 + Bo) (2r-4) 


where the value of 8 is given in Table 2r-1. This formula can also be used to repre- 
sent available data for a circular cylinder with its axis normal to the flow. The 
value of Cp(0) for the disk is the average of the extrapolated values of Reichardt? and 
Eisenberg and Pond.? The results for the cones are from Reichardt; the results 
for the hemisphere, semiellipsoid, and ogive are from Eisenberg and Pond. In each 
of these cases, the values of Cpn(0) are extrapolated from the experimental data from 


TABLE 2r-1. VALUES OF 8 IN Ea. 2r-4 


Model Cp (0) Range of o B Reynolds No. 
Disk, h/d =0........... 0.80 0.038-0.56 1.0 2.6-7.9 X 105* 
Cones: 
a 0.63 0 .033-0.125 1.0 
oo re re 0.5 0.032-0.118 1.0 
Rid = ls tardevaxvwsak) 0.32 0 .026—0 .069 1.0 
RG = 2 renee oes 0.15 0.013—-0.086 1.0 
Hemisphere............. 0.241 0.168-0.38 2.024 3-8.3 X 105 
2:1 semiellipsoid and 2 
caliber ogive.......... 0.114 0. 133-0 .394 3.65 ~3-9 & 105 
Circular cylinder........ PUGS Wl -ehcnam Ai tek 0.81 2.72 X 105 
0.68 1.75 X 105 
0.73 2-6 X 105 


* Phillip Eisenberg and Hartley L. Pond, Water Tunnel Investigations of Steady State Cavities; 
David Taylor Model Basin, U.S. Navy Dept. Rept. 668, October, 1948. 


which the values of 8 were also obtained. The value of C'p(0) for the circular cylinder 
is from a computation of Brodetsky.* The value of 8 = 0.73 for the circular cylinder 
is given by Birkhoff® based on experiments of Martyrer. The other values of 8 for 
the circular cylinder are based on Kanstantinov’s® experiments, which show differ- 
ences depending on Reynolds number (based on cylinder diameter). It should be 
noted that Kanstantinov’s results are for constant Reynolds number, whereas in 
Martyrer’s tests the Reynolds number varied as the cavitation number was varied. 
There may be a question, however, as to the accuracy of Kanstantinov’s results, since 
the forces were found by integrating pressure distributions rather than by direct 
measurement. 

@r-7. Nonstationary Cavities and Other Topics. A third type of flow which may 
be defined as part of a general classification of cavitating flows is the ‘“‘nonstationary ”’ 
(or ‘“‘unsteady’’) cavity. This is a cavity resembling steady-state cavities but varying 
in time as in the air-water entry of an air-dropped missile or as in the motion of an 
initially submerged but accelerating body. Although all three are free-boundary 


1 Hisenberg, loc. cit. 

2 Loc. cit. 

3 Loc. cit. 

48. Brodetsky, Discontinuous Fluid Motion Past Circular and Elliptic Cylinders, Proc. 
Roy. Soc. (London), ser. A, 102, (A718), 542-553 (February, 1923). 

5 Garrett Birkhoff, ‘‘Hydrodynamics,”’ chap. 2, Princeton University Press, Princeton, 
N.J., 1950. 

6 W. A. Kanstantinov, Influence of the Reynolds Number on the Separation (Cavitation) 
Flow, David Taylor Model Basin, U.S. Navy Dept. Translation 233, November, 1950. 
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flows, in the transient cavity, the pressure at the boundary varies with time; in the 
steady-state cavity, the boundaries are free streamlines; and, in the third, the bound- 
aries are such that the material lines are not necessarily free streamlines. The nomen- 
clature used here was chosen to provide a consistent representation for both the 
physical phenomena and the corresponding mathematical descriptions. Further 
discussions of nonstationary cavities and references will be found in Eisenberg! and 
Birkhoff.! 

For problems of lift in cavitating flows and of damage produced by cavitation, 
reference may be made to Eisenberg? and Raven, Feiler, and Jesperson’ and the 
bibliographies therein. 


2s. Diffusion in Liquids 


L. G. LONGSWORTH 


Rockefeller Institute for Medical Research 


The diffusion coefficient in liquid solutions is defined as the coefficient D in Fick’s 
diffusion equation 


— = D— (2s-1) 


in which c is the concentration of the solution and D is a function of the concentration. 
This coefficient is sometimes called the differential value of the diffusion. In the 
tables of this section it is always these values which are tabulated. The units of D 
throughout are cm? sec! multiplied by 105. The methods employed and the average 
deviations of the reported data from smooth interpolation curves are indicated by the 
following abbreviation scheme: 

C. conductance (+0.2%) 

TD. diaphragm cell (+0.2%) 

G. Gouy interference (+0.1%) 

L. Layer analysis~ +0.2%) 

R. Rayleigh interference (+0.1%) 


1 Loc. cit. 
2 Loc. cit. 
3 Loc, cit. 
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TaBLE 2s-1. DirFusSION COEFFICIENTS OF DiLuTE AQuEous So.LuTIONsS 
oF ELECTROLYTES AT 25°C 
(Concentration, moles /liter) 


Electrolyte  |0.000/0.0006,0 .001/0 .002/0 .003)/0 .005)0 .007/0.010} Ref. | Method 


a, i! i ss ns in \ eae, 


DIC ieee teeta: 1.366'1.349 |1.345)1.337]1.331}1.323)1.318)1.312} 10 


C 

NaCl..........:. MOI 2) es es 1.586)1 .576)1.570/1.561/1.554)1.545) 10 C 
WO ico eat aes : 994)...... 1.964]1 .952/1.944/1 .933]1.924/1.915) 10 Cx 
RC ccwawea wes )2-057)...... 2 .024/2 .012/2 .003)}1 .991/1 .983}1.972) 10 C 
CSO i255 Since Poiadndes 2.046)...... 2.013/2 .001/1 .992/1.978)1.969/1.958) 10 C 
KNO3; 1 OB Us actos 1.899/1 .887/1 .879)1 .866)1.856/1.844) 10 C 
AgNOs.......... COG so teh eee ees Seas 1.720)1.708/1.699)..... 10 C 
MgCle.......... i 15) 2 aneeaee 1.189/1.172)1.161).....).....)..... 9 C 
CAC 5 cise ba eee D3 Ole ctae: Seve 1.249)1 .224)1.206)1.180).....)..... 1 C 
Sr Che suasnead a5) 1.336)...... 1. 269)1 .249)1 .236)1.219/1.210)..... 8 C 
BaClovidesvi<et 1.387|1.332 |1.320)1.299]1.285/1.264)...../..... 9 C 
LigSQOu.......... 1.041/1.000 | .990/0.975/0.965/0.950).....)..... 2 C 
NaeSO,.......... 1.230)...... 1.175)1.159)1.145)/1.124).....)..... 2 C 
CSS OGs kes ease 1.569)...... 1.487}1.460)1.442/1.418)...../..... 7 C 
MgSQy,.......... 0.849|0.784 |0 76710 7410.726.0.70810.700|..... 6 C 
ZnSO4........... 0.849)...... 0.7410 73410.723 0.106) esc alsees 3 C 
LaClessd deans 1.294)...... 1.173)1.144/1 .125]1.102)1.087)..... 4 C 
KyFe(CN)e¢...... DATS sta die eater aaa 1-2 We IB | ere | 5 C 
References | 

1. Harned, H.S., and A. L. Levy: J. Am. Chem. Soc. 71, 2781 (1949). 

2. Harned, H.S., and C. A. Blake, Jr.: J. Am. Chem. Soc. 73, 2448 (1951). 

3. Harned, H.S., and R. M. Hudson: J. Am. Chem. Soc. 78, 3781 (1951). 

4. Harned, H.S., and C. A. Blake, Jr.: J. Am. Chem. Soc. 78, 4255 (1951). 

5. Harned, H. S., and R. M. Hudson: J. Am. Chem. Soc. 78, 5083 (1951). 

6. Harned, H. S., and R. M. Hudson: J. Am. Chem. Soc. 78, 5880 (1951). 

7. Harned, H.S., and C. A. Blake, Jr.: J. Am. Chem. Soc. 78, 5882 (1951). 

8. Harned, H.S., and F. M. Polestra: J. Am. Chem. Soc. 75, 4168 (1953). 

9. Harned, H.S., and F. M. Polestra: J. Am. Chem. Soc. 76, 2064 (1954). 

10. Harned, H.§8.: Proc. Natl. Acad. Sci. U.S. 40, 551 (1954). 
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TABLE 2s-3. DirrusiIon COEFFICIENTS oF AQuEOUS SOLUTIONS OF 


NONELECTROLYTES AT 25°C 
(Gouy interference method) 


Concen- Nonelectrolyte 
tration, p 


g/100 ml | Urea | Glycolamide | Glycine | n-Butyl alcohol | a-Alanine | Sucrose 


rennet | | 


0.00 1.3817 1.1423 1.0635 0.9720 0.9145 
O25) i waeau ne | pesatactinc 1.0571 0.9610 0.9105 
0250! atin e os 1.1359 1.0507 0.9500 0.9065 
0.75 1.3720 1.1328 1 0443 0.9390 0.9026 
1.00 1.3688 1.1296 1.0379 0.9282 0.8987 
2 1.3561 1.1171 1.0122 0.8854 0.8834 
3 1.3437 1.1047 0.9866 0.8436 0. 8686 
5 1.3197 1.0804 0.9353 0.7629 0.8405 
10 1.2642 TEOZ22) Meee mecca ers 0.7787 
15 1.2151 O90TG: alaedaee 4) 42ee% 0.7292 
20 1.1725 0.9167 
25 1.1363 0.8694 
| | en enters 0.8257 

Ref. 3 1 5 6 4 


The data from which this table was prepared may be represented analytically as 


follows: 

Urea: D X 105 + 0.05% = 1.3817 — 0.01304p + 0.0001288p? 
Glycolamide: D X 105 + 0.08% = 1.1423 — 0.01274p + 0.0000729p? 
Glycine: D X 10° + 0.08% = 1.0635 — 0.02563 p 

n-Butyl alcohol: D X 105 + 0.03% = 0.9720 — 0.04430p + 0.000496p? 
a-Alanine: D X 105 + 0.09% = 0.9145 — 0.01603p + 0.0002449p? 
Sucrose: D X 108 + 0.04% = 0.5233 — 0.007745p 

References _ 


1. Dunlop, P. J., and L. J. Gosting: J. Am. Chem. Soc. 76, 5073 (1953). 
. Gosting, L. J., and M.S. Morris: J. Am.-Chem. Soc. 71, 1998 (1949). 
. Gosting, L. J., and D. F. Akeley: J. Am. Chem. Soc. 74, 2058 (1952). 
. Gutter, F. J., and G. Kegeles: J. Am. Chem. Soc. 76, 3893 (1953). 

Lyons, M.S8., and J. V. Thomas: J. Am. Chem. Soc. 72, 4506 (1950). 


Dore Ww do 


. Lyons, P. A., and C. L. Sandquist: J. Am. Chem. Soc. 76, 3896 (1953). 


for p < 25 
for p < 30 
forp <5 
forp <5 
forp < 15 
forp <5 
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TABLE 2s-4. Dirrus1on or OrGANIC CoMPOoUNDS IN DILUTE AQUEOUS 
SoLuTIon at 25°C* 


Compound Wt. %| D X 105 Compceund Wt. %| D X 10° 
Methyl alcohol......... 0.00 | 1.5877 | Glycylglycylglycine... | 0.29 | 0.6652 
Ethyl alcohol........... 0.00 | 1.24s¢ | Leucylglycylglycine....| 0.30 | 0.5507 
Propyl alcohol.......... 0.59 | 1.02e+ | o-Aminobenzoic acid....| 0.24 | 0.840 
Isopropyl alcohol....... 0.59 | 1.02of | m-Aminobenzoic acid. ..| 0.24 | 0.774 

p-Aminobenzoic acid....| 0.23 | 0.842 
Butyl alcohol........... | 0.49 | 0.95et 
Isobuty] alcohol........ 0.49 |0.93st | Proline................ 0.32 | 0.8789 
Sec. isobutyl alcohol... .| 0.49 | 0.92ef 
Tert. isobutyl alcohol....| 0.47 |0.87s¢ | Hydroxyproline........ 0.32 | 0.8255 
Glycine... cass aieoda as 0.30 | 1.0554 | Histidine.............. 0.28 | 0.7328 
Glycolamide............ 0.30 | 1.1385t 
Phenylalanine......... 0.25 | 0.7047 
a-Alanine.............. 0.32 | 0.9097 | | 
@-Alanine.............. 0.31 | 0.9327 | Tryptophane.......... 0.23 | 0.6592 
Sarcosine.............. 0.32 | 0.9674 
d(—)Ribose........... 0.41 | 0.7769 
SCMNGs sx d2adawieaed edd 0.31 | 0.8802 | 72(+)Arabinose......... 0.39 | 0.7599 
d(—)Lyxose........... 0.40 | 0.7591 
a-Aminobutyric acid... .| 0.31 | 0.8288 | d(+)Xylose........... | 0.40 | 0.7462 
6B-Aminobutyric acid... .| 0.32 | 0.8367 ; 
y-Aminobutyric acid... .| 0.32 | 0.8259 | d(—)Levulose.......... 0.39 | 0.6944 
a-Amino isobutyric acid.| 0.32 | 0.8130 |d(+)Mannose......... 0.39 | 0.6875 
l(—)Sorbose........... 0.39 | 0.6791 
Threonine.............. 0.32 | 0.7984 | d(+)Dextrose......... .| 0.39 | 0.6728 
| d(+)Galactose......... 0.38 | 0.6655 
Valine......... en ae 0.31 | 0.7725 
Norvaline.............. 0.32 | 0.7682 | d(+)Sucrose...........| 0.39.! 0.5209 
d(+)Lactose-H.O...... 0.40 | 0.5076 
Leucine................ 0.32 | 0.7255 | d(+)Cellobiose......... 0.38 | 0.5039 
Norleucine............. 0.32 | 0.7249 | d(+)Melibiose-2H.O...| 0.41 | 0.5022 
d(+)Maltose-H.O..... .| 0.40 | 0.4929 
Asparagine............. 0.29 | 0.8300 | 
Glycylglycine. .... beatae 0.29 |0.7909 | d(+)Melezitose-2H.O..| 0.40 | 0.4478 
d(+)Raffinose-5H.0....| 0.45 | 0.4339 
Glutamine............. 0.34 | 0.7623 
Glycylalanine.......... 0.30 | 0.7221 | Cycloheptaamylose..... 0.39 | 0.3224 
Alanylglycine. ......... 0.30 | 0.7207 
Bovine plasma albumin.| 0.25 | 0.0670 
Glycylleucine........... 0.29 | 0.6231 
Leucylglycine.......... 0.31 | 0.6129 


ne 
Isomers are in groups. Rayleigh interference method except glycolamide. 
*L. G. Longsworth, J. Am. Chem. Soc. 78, 5705 (1953) and previously unpublished work except for 
glycolamide. 
+ D strongly concentration-dependent. 
¢ P. J. Dunlop and L. J. Gosting, J. Am. Chem. Soc. 18, 5073 (1953). 
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TABLE 28-5. DirFuSION COEFFICIENTS IN AQUEOUS SOLUTION AT DIFFERENT 


TEMPERATURES 
Wt. ° ° ° ° ° 
Solute %, 5°C: | 15°C | 25°C | 35°C | 45°C | 55°C | Ref. | Method 

Fe iio sco-dcane ea 0.00/6.208 |7.737 |9.313 |10.919 |12.538 |14.150 2 * 
|S ean rane 0.00,0 5654 0.7769|1 .0286| 1.3197) 1.6483) 2.0142) 2 
Nat...........|0.00\0. 7524/1 .0218]1 .3349} 1.6928) 2.0959} 2.5439) 2 
| See Re ree 10.00/11. 1604/1 .5335]1.9565| 2.4265) 2.9403) 3.4943) 2 
OR at acta atee ~~ 10.00!1.1796)1. 5801/2 .0324| 2.5368) 3.0935) 3.7031); 2 
Ber at hee —10.00/1 . 2233/1 .6259/2 .0808] 2.5869) 3.1426) 3.7465) 2 
ee eee ae 0.00/1. 2066/1 .6007|2 .0457| 2.5409] 3.0850) 3.6762) 2 
CAE esa Gene 0.00)...... 0.6043/0.7919| 1.0078) 1.2528)....... 1 
H!H?O0!8,...... 0.00/1.294 11.743 |2.261 |.......].......)... eel! R 
Urea.......... 0.38/0.790 |1.063 1.377 | 1.7381 |.......[....... 3 R 
Glycine...... ~ 10.3010.593 10.806 |1.054 | 1.3837 |.......)....... 3 R 
Alanine........ 0.3210.500 |0.688 {0.909 | 1.164 |.......]....... 3 R 
Dextrose.......|0.38/0.3640/0. 5038/0.6713) 0.867 |.......).....--. 3 R 
Cyclohepta- ; 

amylose...... 0.3810.173810.2418/0.3225| 0.4160).......)....... 3 R 
Bovine plasma 

albumin..... 0.2510.0356/0.0493/0.0657).......).......)...-66- 3 R 


* D for ions computed from ionic conductances A, with the aid of the relation D = RT)/ZF?2, where 
R = 8.3144 joules/deg, 7 = deg Kelvin = 273.13 +t, Z = valence, and F = 96,500 coulombs/ 
equivalent. 7 Se . 


(Z+ + Z-)D+D- 


FS aS ee 
salt ~ “7,Di +. 2-D- 


Since the Stokes radius rs = kT/6anD varies but little with temperature, a plot of rs vs. ¢ affords precise 
interpolation. Here k = 1.3712 X 1078 erg/degree, and 7 is the viscosity of the solvent in poises. 


References 


1. Benson, G. C., and A. R. Gordon: J. Chem. Phys. 18, 470 (1945). 
2. Harned, H. S., and B. B. Owen: “Physical Chemistry of Electrolytic Solutions,” 

2d ed., p. 590, Reinhold Publishing Corporation, New York, 1950. . 
3. Longsworth, L. G.: J. Phys. Chem. 68, 770 (1954). 
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TaBLE 23-6. DirrusiIon COEFFICIENTS IN NoNaquEous SoLuTIoNs 


Concn., t, 


Solvent Solute moles/liter °C 


D X 105 | Ref. | Method 


HexGne ..ife5 Cee cee be id Iodine 0.00 25 4.05 4 D 
Heptane................. Iodine 0.00 25 3.42 4 D 
Carbon tetrachloride...... Iodine 0.00 25 1.50 4 D 
Carbon tetrachloride...... Carbon tetrabromide . 0.00 25 1.074 2 R 
Dioxane................. Iodine 0.00 25 1.07 4 D 
Benzene................. Iodine 0.00 25 2.13 4 D 
Benzene................. Diphenyl 0.00 25 1.558 3 G 
Benzene. cc auia ves vas Diphenyl 0.00 35 1.847 3 G 
Toluene..................|Iodine - 0.00 25 2.18 4 D 
m-Xylene......... oar ee Iodine . 0.00 25 . 1.89 4 D 
Mesitylene............... Iodine 0.00 25 1.49 4 D 
Tetrachlorethane (sym.)...| Tetrabromethane (sym.) 0.03 0.44 | 0.351 1 L 
Tetrachlorethane (sym.)...| Tetrabromethane (sym.) 0.03: 7.70 | 0.419 1 L 
Tetrachlorethane (sym.)...| Tetrabromethane (sym.) 0.03 15.00 | 0.496; 1 L 
Tetrachlorethane (sym.)...| Tetrabromethane (sym.) 0.03 25.00 | 0.611. 1 L 
Tetrachlorethane (sym.)...| Tetrabromethane (sym.) 0.03 35.61 0.741 1 L 
Tetrachlorethane (sym.)... Tetrabromethane (sym.) 0.03 51.10 0.954. J L 
References 


1. Cohen, E., and H. R. Bruin: Z. physik. Chem. 103, 404 (1923). 

2. Longsworth, L. G.: previously unpublished data. | 

3. Sandquist, C. L., and P. A. Lyons: J. Am. Chem. Soc. 76, 4641 (1954). 

4, Stokes, R. H., P. J. Dunlop, and J. R. Hall: Trans. Faraday Soc. 49, 886 (1953). 


2t. Liquid Jets 


W. L: NYBORG . 


Brown University 


(2t-1. Circular Jet. We first deal with the laminar flow due to a circular jet of 
viscous fluid issuing from a point orifice into a space filled with the same fluid. 


Symbols 


momentum crossing a plane normal to the axis of the jet per second 
-%, y components, respectively, of fluid velocity in the jet. 

distance parallel to the axis of the jet — 

distance perpendicular to the axis of the jet 

fluid density 

kinematic viscosity of the fluid 


roe &ey 
~ 
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The flow-velocity components in the jet are given by the following formulas due to 
Schlichting! 


ee 3K 1 
Se ey ear 2 2 
Sa vx (1 + &/4) (2t-1) 
_1, BK 10 - ¢/4) 
ee 4 aw «(1 + e?/4)? 
Were | es 1 3K 1 E] 
: wT VT (2t-2) 
K=- 
p 


The formulas (2t-1) have been checked experimentally by Andrade and Tsien,? who 
found good agreement between the theory and experimental results for a jet of finite 
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Fig. 2t-1. Streamlines for a circular jet from a point orifice. 


radius a at a distance of 8 jet diameters or more from the orifice, provided the z in 
(2t-1) is given by 


2 
x=2,+ 0.16u, — (2t-3) 


where x, is the actual distance to the real orifice, and 7 may be interpreted as the 
distance to an effective point orifice upstream from the real one. 

Figure 2t-1 shows a family of streamlines for a circular jet from a point orifice 
plotted from Eq. (2t-1). (For reasons of clarity the figure is expanded in the y 
direction.) Typical velocity profiles (plots of wu vs. y) are also given for two distances 
x from the orifice. 


1. Schlichting, Z. angew. Math. Mech. 13, 260 (1933). i. 
2E. N. da C. Andrade and L. C. Tsien, Proc. Phys. Soc. (London) 49, 381 (1937). 
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2t-2. Plane Jet. Laminar flow due to a plane jet of viscous fluid issuing from a line 
orifice into a space filled with the same fluid is described by the following formulas 


2 a 
u = 0.4543 (=) sech? ¢ 
vx 


(2t-4) 
v = 0.5503 (4) (2e sech? « — tanh e) 
where e = 0.2751 ‘€3) yx—i 
Ral 
p 


Here z is distance from the line source, measured parallel to the plane of symmetry 
of the jet and y is measured normal to this plane; all other symbols have meanings 
analogous to those used in Eq. (2t-1). This theoretical result due to Bickley! has 
been checked experimentally by Andrade? and found to be valid for jets from slits 
of finite width w, provided that z in Bickley’s formula is given by 


Z=2Xo+ ake (2t-5) 


2u. Density of Gases at Standard Temperature 
and Pressure 


ROBERT LINDSAY 


Trinity College ~- 


Zu-1. Introduction. The normal density of a gas is defined as the mass per unit 
volume under standard conditions. Standard conditions are defined to be a tempera- 
ture of 0°C and a pressure of 760 mm of mercury (at 0°C and sea level in a latitude 
of 45°). The conventional absolute units are grams per liter, grams per cubic centi- 
meter, and grams per milliliter. In this compilation the unit g/liter will be used and 
will be symbolized by d. 

Z2u-2. Methods of Measurement. Several methods have been utilized to measure 
densities of gases. In the so-called direct method a mass determination is made of 
the amount of gas occupying a known volume in a glass flask. This method and 
various refinements on it were used by the early workers in the field such as Ramsay, 
Leduc, Rayleigh, and Morley (ref. 1). The buoyancy-type balance is a more recent 
development (ref. 2). In this method a balance assembly is enclosed within a gas- 
tight chamber. The pressure of the gas in the chamber is adjusted until the system 
is in equilibrium. Dry purified air is then admitted to the chamber after the gas has 
been flushed out and a new equilibrium point obtained. The specific gravity of the 
- gas with respect to the air can then be determined. For extreme accuracy a correc- 


1W. G. Bickley, Phil. Mag. 23, 727 (1937). 
2h. N. da C. Andrade, Proc. Phys. Soc. (London) 51, 784 (1939). 
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tion for the compressibility factor (deviation from ideal behavior) for.both the. air 
and the unknown gas must be made. Descriptions of these and other methods for 
determining the densities of gases are included in refs. 1 and 2. 

2u-3. Reliability. The reliability of the density measurements tabulated is 
variable. The following compilation has not been evaluated for extreme accuracy. 
In some instances the values recorded are taken from the tables of Landolt and Born- 
stein (ref. 3), who have recalculated original data. These recalculations were under- 
taken in cases where better values for certain contributing factors such as the density 
of water, the acceleration of gravity, and coefficients of expansion of mercury and 
glass became known subsequent to the date of original data. In such cases the 
original experimental reference is given as well as a notation indicating the compila- 
tion from which it was taken. For a good general critique of the philosophy to be 
employed in examining groups of experimental data, reference is made to Timmer- 
mans (ref. 4). Unless otherwise noted it is felt that the values can be considered 
accurate in the next to last place. — | | oe 
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TABLE 2u-1. DENsIry oF ELEMENTARY GASES UNDER STANDARD CONDITIONS 
(t = 0°C; pressure = 760 mm of mercury) 


- Formula _ —d, g/liter 


Ailes eee eee ree ee Dry CO,-free atmospheric air| 1.29284 1927 1 
AYgon..........0006- A 1.78364 1928 2 
Chlorine..........--. Cle 3.214 1913 3 
Deuterium........... D. 0.1796 1948 4 
Fluorine...........-- F, 1.696 1904 5 
Helium.............-. He | | 0.17846, 1940 6 
Hydrogen........... | | H2 0.08988; 1948 7 
Krypton............ 7 Kr } 3.748 1934 8 
NeOlistecesey ees Ne 0.89990 1928 2 
Nitrogen.ii<iss--c46 Ne 1.25036 1926 9 
ORG PONS cee gga sala Oz 1.42896 1926 9 
Radon civcws.c aces oat Ra 9.96 1910 10 
NENOM sae ie ote aes xe 5.896 1934 11 


References for Table 2u-1 | | 2 
1. Landolt-Bornstein: ‘Physikalisch-Chemische Tabellen,” 5th ed., 1st suppl., 
p. 160, Springer-Verlag OHG, Berlin, 1927 (based. on a value at sea level at Bar- 
celona, Spain, determined by C. O. E. Moles and M. Paya). 
2. Baxter, G. P., and H. W. Starkweather: Proc. Natl. Acad. Sci. 14, 57 (1928). 
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. Jaquerod, A., and M. Tourpaian: J. chim. phys. 11, (2) 269 (1913). 
. Calculated value from formula given in H. W. Woolley, R. B. Scott, and F. G. 


Brickwedde, J. Research Natl. Bur. Standards 41, 379 (1948). 


. Moissan, H.: Compt. rend. 138, 728 (1904). 
. Baxter, G. P., and H. W. Starkweather: Proc. Natl. Acad. Sct. U. S. 12, 20 (1926); 


recalculated by W. H. Keesom, “Helium,” p. 27, Elsevier Press, Inc., ‘New York, 
1940. 


. Woolley, H. W., R. B. Scott, and F. G. Brickwedde: ref. 4 (value sea in their 


correlation). 


. Heuse, W., and J. Otto: Phys. Z. 35, 57 (1934). | 
: Baxter, G. P., and H. W. Sintkwenther: Proc. Natl. Acad. Sct. U.S. 12, .703 


(1926). 

Ramsay, W., and R. W. Gray: Compt. rend. 161, 126° (1910); recalculated by 
editors of Landolt- Bornstein, 5th ed., Ist suppl., p. 162, Springer-Verlag OHG, 
Berlin, 1927. : 


11. Heuse, W., and J. Otto: mune Z. $6, 628 (1934). 
: TABLE 2u-2. Denstry OF Satneias INORGANIC GASES UNDER STANDARD 
CONDITIONS | 
(t = 0°C; pressure = 760 mm of mercury) © 
Gas | Formula  d, g/liter Year | Ref. 
Ammonia..............000 eee eee NHs. 0.77126 | 1933 1 
Antimony hydride (stibine)....... SbHs3 — 5.30 (15°C, 754 aan) 1904 2 
Arsenic trihydride (arsine)........ AsH3 3.48 1826 3 
Boron trifluoride..............4. | BFs3. 3.065 | 1933: 4 
Carbon dioxide.................. CO,z 1.9769 (19388 | . 5 
Carbon monoxide.............. ..1 CO 1.25004 1932 | 6 
Carbon tetrafluoride............. CF, 3.94 | 1932 | 7 
Carbonyl sulfide............ .....{ COS 2.721 1901} 8 
Chlorine fluoride. ............... CIF 2.425 1928 9. 
Disilicane...........0.. 0.20000 SiH. 2.85 1916 | 10 
Freon-12........0 20.000... 0c eee ene CF.Cl. 5.083 ~ 1932 |. 29 
Germanium tetrafluoride.........  GeF, 6.650 | | 1932 11. 
Hydrogen chloride.......... ees HCl 1.6392 1909 | 12 
Hydrogen bromide............... HBr 3.6443 1925 13 
Hydrogen iodide................ HI 5.7888 1927 | 14 
Hydrogen selenide............... H.Se 3.6643 1924 | 16 
Hydrogen sulfide................ HS 1.5392 1932 15 
Hydrogen telluride.............. H.Te 5.76 1900 | 17 
NitTic OX1d@: ci3.00i86 ocd coeds NO 1.3402 1914 18 
Nitrous oxide................00. N20 1.9804 1931 19 
Nitrosyl chloride................ NOCI 2.9919 1912 | 20 
Oxygen difluoride................ OF, 2.421 1932 | 27 
Phosphorus hydride (phosphine): .| PH; 1.5307 1930 21 
Phosphorus oxyfluoride........... POF; 4.8 1886 | 22 
Phosphorus pentafluoride........ .| PF, 5.80 1906 | 23 
Phosphorus trifluoride............ PF; 3.922 1922 | 24 
Selenium hexafluoride............ Sek’, 8.687 1932 7 
Silicon hydride.................. SiH, 1.44 1916 | 10 
Silicon tetrafluoride.............. SiF, 4.684 1917 25 
Sulfur dioxide................... SO. | 2.9262 1914 | 26 
Sulfur hexafluoride.............. SF; 6.602 1930 28 
Tellurium hexafluoride........... | TeFs 10.915 1932 7 
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References for Table 2u-2 
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. Dietrichson, G., L. J. Bircher, and J. J. O’Brien: J. Am. Chem. Soc. 56, 1 (1933). 


Stock, A., and O. Guttman: Ber. deut. chem. Ges. 37, 885 (1904). 

Dumas: Ann. chim. et phys. 33, 337 (1826). 

Fischer, W., and W. Wiedemann: Z. anorg. u. allgem. Chem. 218, 106 (1933). 
Moles, C. O. E., and A. Escribano; Compt. rend. 207, 66 (1938). 

Moles, C. O. E., and M. T. Salazar: Anales sac. espai. fis. quim. 80, 182 (1932). 
Klemm, W., and P. Henkel: Z. anorg. u. allgem. Chem. 207, 75 (1932). 


. Hempel, W., Z. angew. Chem. 14, 866 (1901). 

. Ruff, O., E. "Ascher, and F. Tiana: Z. anorg. u. allgem. Chem. 176, 258 (1928). 

; Stock, A., and C. Somieski: Ber. deut. chem. Ges. 49, 111 (1916). 

. Biltz, W. an LeBoucher, and W. Fischer: Z. anorg. u. allgem. Chem. 207, 67 (1932). 
‘ Gray, R. W., and F. P. Burt: J. Chem. Soc. 96, 1633 (1909) (recalculated by 


C. O. E. Moles: see Landolt-Boérnstein, 5th ed., ist suppl., Pp. 161). 


. Moles, C. O. E.: Z. physik. Chem. 115, 61 (1925). 
. Landolt-Bornstein, “Physikalisch-Chemische Tabelen,’’ 5th ed., Ist suppl., p. 162, 


Springer-Verlag OHG, Berlin, 1927 (based on a value reported to editors by 
C. O. E. Moles and R. Miravelles). 


. Klemenc, A., and O. Bankowski: Z. anorg. u. allgem. Chem. 208, 348 (1932). 
; Bruylants, P., F. Lafortune, and L. Verbruggen: Bull. soc. chim. Belges 33, 587 


(1927). 
Ernyei, E.: Z. anorg. Chem. 25, 317 (1900) (recalculated by editors of Landolt- 
Bornstein, 5th ed., 3d suppl., p. 248). 


. Scheuer, O.: Wien. Ber. 123 (2a), 1 (1914). 

. Batuecas, T.: Z. physik. Chem. (Bodenstein volume) 78, (1931). 

; Wourtzel, E.: Compt. rend. 34, 155 (1912). 

. Ritchie, M.: Proc. Roy. Soc. (London), ser. A, 128, 551 (1930). 

: Moissan, H.: Compt. rend. 102, 1245 (1886). | 
. Moissan, H.: Compt. rend. 138, 789 (1906) (recalculated by editors of Landolt- | 


Bornstein, 5th ed., 1st suppl., p. 162). 


. Ebel, F., and E. Bretscher: Helv. Chim. Acta 12, 450 (1929). | 
. Germann, A. F. O., and H. 8S. Booth: J. Phys. Chem. 21, 81 (1917). | 
. Scheuer, O.: Wien Ber. 123 (2a), 1 (1914) [recalculated by C. O. E. Moles, Rec. 


trav. chim, 48, 864 (1929)]. 


. Ruff, O., W. Menzel, and W. Neumann: Z. anorg. u. allgem. Chem. 208, 294 (1932). 
: Schumb, W.C., and EK. L. Gamble: J. Am. Chem. Soc. 62, 4302 (1930). 
. Booth, H. S., and K. S. Wilson: Ind. Eng. Chem., Anal. Ed. 4, 427 (1932). 


TABLE 2u-3. DENsIry or SELECTED ORGANIC GASES UNDER STANDARD 
CONDITIONS 
(¢ = 0°C; pressure = 760 mm of mercury) 


Gas Formula | d, g/liter Year | Ref. 
Acetylene............. CoH. 1.17910 1920 1 
n-Butane.............. n-C4Hi0 2.5185 (710 mm) 1930 2 
iso-Butane............. iso-C4H 19 2.673 1909 3 
HBthaney jis axisaivns CoHe 1.3562 1909 4 
Ethylene.............. C.H, 1.26036 1938 5 
Methane.............. CH, 0.7168 1909 4 
Methyl amine.......... CH;3NHe 1.396 1910 6 
Methyl bromide....... .| CH3Br 3.9739 (25°C) 1938 7 
Methyl chloride........ CH;Cl 2.3075 1926 8 
Methyl fluoride........ CH;3F 1.5451 1920 9 
PROPANE jcucace odes Cale se%s C3Hs 2.02000 1920 10 
Propene...........000% CH,—CH—CHs; 1.9149 1934 11 
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References for Table 2u-3 
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Baume, G., and F. L. Perrot: J. chim. phys. T, 369 (1909); Compt. rend. 148, 39 
(1909). 

Moles, C. O. E., M. T. Toral, and A. Escribano: Compt. rend. 207, 1044 (1938). 
. Muller, J. A.: Ann. chim. et phys. 20, 116 (1910). 
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. Timmermans, J.: J. chim. phys. 18, 133 (1920). 

. Batuecas, T.: J. chim. phys. 31, 165 (1934). 
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2v. Viscosity of Gases 


J. KESTIN 


Brown University 


Qv-1. Definitions. The viscosity of a fluid is defined in relation to a macroscopic 
system which is‘assumed to possess the properties of a continuum. To obtain an 
elementary definition of viscosity (Fig. 2v-1) consider two infinite flat plates, a at rest 
and b moving at a constant velocity u, the space between them being filled with the 
fluid under consideration. In the result- 
ing shear flow the velocity distribution is 
linear with a constant transverse gradient 
du/dy. It is assumed (Newton’s law of 
fluid friction) that the shearing stress 7, 
at either wall is proportional to the velocity 
gradient 


tT, = bh Air (2v-1) 


a 
The coefficient of proportionality is known F!G. 2v-1. Illustration of Newton’s law of 


e ° z fi id f ° ti , 
as the viscosity, or more precisely, as the peo Tees 


dynamic or absolute viscosity of the fluid. The various units of viscosity and their 
conversion factors are given in Table 2v-1. 
The ratio 


~~ 
Hl 
VIF 


(2v-2) 


is known as the kinematic viscosity; the respective units and conversion factors are 
given in Table 2v-2, 
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Tapue 2v-2. Kinematic Viscosity v; Units AND CONVERSION Factors 


m2/gec m2/br ees ft?/sec . ft2?/hr 
m2/gec........--.--- 1 3,600 — 1x 104} 10.7639 } 3.875 X 104 
m2/br...........+--| 277.8 X 107% iS coe 2.778 | 299.9 x 10-4 10.7639 
cm2/sec (stokes)..... 1X 10-4 0.36 1 10.7639 X 10-4 3.875 
ft2/sec..........--. 0.092903: 334.45 929.03 1 3,600 
£0?/Driso Saas ee 25.806 X 10-6 0.092903] 0.25806] 277.8 * 10-8 1 


From British Standard Code B.S. 1042: 1943 amended March, 1946. 


In a general field of flow, w1, ws, ws of a homogeneous Newtonian incompressible 
fluid the shearing stresses are proportional to the respective rates of change of strain 
(Stokes’ law). The symmetric stress tensor t;; is assumed to be a linear function of the 
rate of strain tensor e:;. Taking into account that in a fluid at rest the stress is an 
isotropic tensor, we put os 
ti; = —pdiy + ASijenn + Quer; 


where 6;; is the Kronecker symbol (5 = 1 for 1 = j and 6 = 0 for 1 ¥ j) and pis arbi- 
trary. Sincet;; = Ofore;; = 0,wehavet; = —3p and 3A + 24 = 0. Consequently 
tg = —pdiz — Bedsz7en + Quer; (2v-3) 


where now p denotes the hydrostatic pressure. The scalar » is defined as the absolute 
viscosity of the fluid. | 

The viscosity is assumed to be a function of the thermodynamic state of the fluid 
and independent of the velocity field. For a y —_ 
homogeneous fluid u is a function of two properties. 
It is customary to use either of the following 
two alternative representations: 


w= u(p,T) or gw = w(p,T’) 


where 7 is the absolute temperature, p is the 
pressure, and p is the density of the fluid. 

Numerical values of viscosity cannot be cal- 
culated with the aid of the equations of ther- 
modynamics. They must be measured directly, 
the measurement being usually very difficult, 
particularly at higher pressures and temper- Fie. 2v-2. Kinetic interpretation of 
atures. In principle, values of viscosity can be viscosity. | 
calculated by the methods of the kinetic theory of gases and statistical and quantum 
mechanics. | | | _ 

In relation to a microscopically defined system the viscosity of a gas is assumed to 
be due to a transfer of momentum effected by molecules, their velocity being com- 
posed of the molecular (random) velocity and the macroscopic (ordered) velocity. 
In shear flow (Fig. 2v-2) the shearing stress acting on a small element of area aa is 
equal to the integral of the change in momentum effected by the particles moving 
across, both from above and from below it, the integral extending over all particles 
crossing. 

2v-2. Variation of Viscosity with Temperature and Pressure. The calculation of 
the viscosity of gases has so far met with only limited success, extensive experimental 
determinations still forming the basis for practical applications. The calculation 
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of the viscosity of gases must make use of a molecular model for the gas, increasing 
refinements being possible. 

On the simplest assumption of infinitely small, perfectly elastic molecules with zero 
fields of force (Maxwell) it is found that the absolute viscosity of a gas is independent 
of pressure and that it increases in proportion to 7?: | 


Ou 
= K,T} (2*) = 0 
is ; Op/ tT (2v-4) 
y= KT? p = const 


where K, and K:2 are empirical constants. 
On the assumption of hard elastic spheres with a weak attraction force (Suther- 
land), it is found that 


_ KT 
gueh oerae 


(2v-5) 


mt ke 


where K and C are empirical constants. Sutherland’s equation (2v-5), as well as 
experimental results, show the increase with temperature to be faster than that in 
Maxwell’s equation (2v-4). 

This behavior can be understood if it is realized that in gases the effects of molecular 
motion dominate over those due to intermolecular forces. In liquids cohesion forces 
are more important, and since the molecular bonds in a liquid are loosened as the 
temperature is increased, the absolute viscosity of a liquid decreases with temperature; 
that for a gas increases with temperature. 

Sutherland’s equation (2v-5) is inadequate for the correlation of experimental data 
over large temperature intervals. A more suitable semiempirical equation was given 
by Keyes: 

aol 


Tar X 10-47 oy 


where do, a, and a; are empirical constants. These have been listed for several gases 
in Table 2v-3. 
In problems of compressible fluid flow it is customary to use the empirical relation 


#-(F) (2v-7) 


where wo is the value of » at a reference temperature 7’) and w is an empirical constant 
ranging over 0.6 to 1.5. This correlation is less precise than that in Keyes’ equation 
(2v-6). 

All preceding formulas relate to gases at low pressures (say, atmospheric). Experi- 
mental results (which are still very scarce) show that the viscosity of gases at constant 
temperature increases with pressure, the increase being of the order of 20 to 40 per 
cent per 1,000 atm. For moderate pressure ranges it is possible to use a linear interpo- 
lation formula 


= =1+kp (2v-8) 


where ua is the viscosity at temperature 7’, but at atmospheric pressure, / is an empir- 
ical constant, and p is the excess of pressure over atmospheric. 

In recent times attempts have been made to calculate the viscosity of gases with 
the aid of the methods of statistical mechanics and to obtain a unified theory with 
that for virial coefficients (see Sec. 4i). The calculations are made on the basis of 
assumed semiempirical force potentials. For nonpolar gases the most widely used 
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potentials have been the Lennard-Jones six-twelve potential, the nine-six potentia 
and the exp-six potential; that used for polar gases is the Stockmeyer potential. 
These methods have not yet met with complete success. 


TaBLE 2v-3. CONSTANTS IN KEyYEs’ Equation (2v-6) For SEVERAL GasEs* 


Temp. range, 


Gas Symbol | ado X 10° a a1 oK 
PR ie ccc casa hea ee ee 1.488 122.1 5 79-1845 
Ammonia................. NH; 1.715 667.1 |. 20 194-680 
ATROWT saciid eee et nee ees A 
Carbon dioxide............ CO2 1.554 246 .0 3 198-1686 
Carbon monoxide.......... CO 495 143.2 6 80-550 
Henwm f os. os dee cds oes He 
Hydrogenf................ He 
Methane.................. CH, 1.103 232.5 12.5 78-373 
Nitric oxidef.............. NO 1.587 127.6 0 118-300 © 
Nitrous oxide.............. N2O 1.531 239 .4 2 185-550 
Nitrogen...............0.. Ne 1.418 116.4 5 81-1695 
OXY PEN bce tee tad adds Oz 1.739 142.0 5 72-550 
Steam (water vapor){...... H.O 1.501 446.8 0 373-873 


| 
* F. G. Keyes, The Heat Conductivity, Viscosity, Specific Heat and Prandtl Number for Thirteen 
Gases, Project SQUID, MIT Tech. Rept. 37, 1952. 
+ The viscosity of helium, argon, and hydrogen cannot be represented by Keyes’ formula over the 
whole range of temperature with a single set of constants. The respective correlations follow: 


2.17373 


_omaoT, ee 
1. Argon, range 55—273°RK: 1054 1 + 218.47 X 102" 
(deviation 2.2% at 55°K; otherwise about 0.6 %; max deviation for data by Johnston and Grilly, 0.36 %) 


1.9107? 


Range 180—1873°K: 105% = i + 136.67 


(largest deviation from data by Kopsch 1.5%, 140-294°K) 


0.84874 
; _oner- iy = 
2. Helium, range 1.64—20°K: 1054 1 + 1.5937 
Range 20-140°K: 1054 = 1.722 + 0.6268 log T 
eee Lot, = ——e8057* 
ange : Be 1 + 2587 X 107507 
0.50777 
_anrk. oS 
3. Hydrogen, range 14-90°K: 10% = 7 + 21.87 
0.62373 
Range 90-550°K: ss ee 


1 + 70.87 X 10717.3T 
ft Sutherland’s formula gives sufficiently good correlation. 


2v-3. Mixtures of Gases. The viscosity of a gaseous mixture cannot be deduced 
from the knowledge of its composition and of the viscosities of its components by 
macroscopic methods, and methods of statistical mechanics must be used. In any 
case it should be noted that the viscosity of a mixture is not equal to the weighted 
mean of the viscosity of its components, it being possible for the viscosity of a mixture 
to be higher than that of its components. For example, a mixture of argon (ua = 
222 X 10-® poise) and helium (uwHe = 195 X 10~* poise) containing 40 per cent He 
and 60 per cent A has a viscosity of «4 = 230 poises. 
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On the simplest assumptions the viscosity of a mixture is a measure of the sum of the 
momenta contributed by each molecular species on crossing an elementary surface aa 
(Fig. 2v-2). From this it is found that 


| — 85(1 + M./M,) 
= 2 . —— i; = pete a ao i) (2v-9) 
oe , Es; (n;/ni) 2 , 
imi 


where n; denotes the volumetric (molar) concentrations, M; the molecular weights, 
S; is the equivalent cross section for collisions within a species, and S,; is that between 
species. 

In the case of binary mixtures this leads to 


o Hi = Si I aes S 
la 1 + &12(N2/n1) + 1 + £o1(11/N2) oe 


where the two factors £1. and £1 can be interpreted as empirical constants. They are 
independent of composition and characteristic of the pair of gases. 

A more complete analysis due to Chapman leads to a formula with four adjustable 
constants wie, 1, de, b: . 
| A121 + NiNemie + Aene*pe 
7 ainy? + bnine + aon? en) 


With the meager experimental data available at present a definite choice between 
the two formulas is not possible. For practical purposes the following simple quad- 
ratic formula containing one empirical constant may be used: 


ni\? nin n2\? 
pa n(2) + Ot + (%) (2v-12) 


Nn=n+ne 


2v-4. Tables of Viscosity. The variation of the viscosity of several gases at low 
pressure with temperature has been correlated by Keyes (1952) and the results are 
given in Table 2v-3. Table 2v-4 contains the best available data on the absolute 
viscosity » of gases at 20°C and atmospheric pressure together with temperature 
increment (Au)r and the pressure increment (Ay), at that point. Table 2v-5 lists 
the same values for the kinematic viscosity v with the values of density p from Sec. 2u. 
The values have been carefully selected in each case, either mean values or preferred 
values having been chosen depending on the merits of the available experimental 
material. The estimated uncertainties are also based on a critical assessment of 
available data and are, to a certain extent, arbitrary. Experimental results for both 
high pressures and temperatures are, for all.intents and purposes, nonexistent. 

The dynamic and kinematic viscosity of steam is given in Tables 2v-6 and 2v-7. 
At present large discrepancies between measured values at higher pressures and 
temperatures still exist, discrepancies reaching values of just over 60 per cent. The 
values quoted in the tables are those measured by Timroth et al., and interpolated by 
Vukalovitch (1951). The values for steam in Table 2v-6 are well represented by the 
formula : : 

M = Eula . . (2v-13) 


where ua. is the viscosity at temperature 7’ and zero pressure. This in turn can be 
calculated with reference to the ice-point viscosity po with the aid of Sutherland’s 
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TABLE 2v-5. Kinematic Viscosrry v OF Gases IN SToKEs (cM?2/sEc)* 
(At 20°C and 1 atm) 


Estimated Temp Pressure t 
G vy X 103 uncertainty | increment increment 
a stokes +Av X 103| (Av)r X 103 | (Av)P X 108 
stokes stokes/°C stokes/atm 

Acetylene sos aes Ga ales 79.71(0°C) 
PUB tute Bit eke 6d bch ces Bes 150.46 0.08 0.909 — 150.26 
ATAMONIAs 0652 Hk Gh Bes es eas 135.58 4.00 1.044 
ATeONe 25. 6o 28 shore ee 133.96 0.91 0.843 — 133.69 
Isobutane. .............206- 30.03 + $j||_..... 0.198 
a= Butane soso 565 Sa Se BS es 33.50 | ..... 0.232 
Carbon dioxide.............. 79.42 0.81 0.516 — 79,23 
Carbon monoxide 150.60 0.086 0.924 
CHIOrine s i:6)s04 oS Aa eee 44.40 | ..... 0.302 
Hthanes so. vice eke whe wate x 71.99 0.63 0.464 
Ethylene................-.. 85.18 | ...-. 0.989 
Helium.......... 1,176.50 3.0 7.035 —1,174.25 
Hydrogen......... 1,053.70 1.2 6.037 — 1,052.97 
Krypton s« 2.3 6642 sy aseowe ks 17 -. y,  ahs 0.457 
Methane............-..+05- 163.17 1.95 1.056 
Methyl chloride............. i an eres 0.367— 
NEGON $434.0 Sek eee area es 370.90 3.57 2.113 
Nitric oxide..... 151.96 0.08 0.942 
Nitrogen.............--00005 149 .96 0.35 0.904 — 149.76 
OXY Ol 665 ess be Lek kB ooe 179.73 0.35 1.124 
Nitrous oxide............... 79.00 £| ..... 0.528 
MENON. coy s-baet te oe ae se 41.19 | ..... 0.273 


* The values of kinematic viscosity v in this table have been obtained by dividing the values of abso- 
lute viscosity « from Table 2v-4 by the values of density p from the tables in Sec. 2u. 

+ Since the rate of change of v with P is large near 1 atm, these corrections are valid for small pressure 
increments only. 


formula 
1 + (C/273) ./ T_ 
fee WA a (C/T) N27 (2v-14) 
po = 8.17 X 107! poise and C = 961°K 


The pressure factor £ in Eq. (2v-13) can be taken for superheated steam: 


1 
~ d — b/v)? (2v-15) 
= 2.1(t — 120) x 107° 


o~ 
| 


For saturated steam: 


1 
= = 0.955 — 0.00142/ 


where v is the specific volume in dm?/g, and ¢ is in degrees centigrade. 
The alternative values due to Sibbitt et al. can be represented by Keyes’ empirical 
formula 


(2v-16) 


uw = pa + (0.0151 — 5.9 X 10-*p)p XK 10~ (2v-17) 


where y, wa is in poises and p in atmospheres. The value of uo at low pressure may 
be taken from Keyes’ equation (2v-6) with 
ay) = 1.851 XK 1075 
a = 680.1 
a1 = 0 


v 


which differs somewhat from that given in Table 2v-3. 


— ff J] 


5 
a 
5 
9 
2 
4 
172.7 
8 
.O 
.2 
3 
4 


700 
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TABLE 2v-6. Viscosiry oF WATER AND SUPERHEATED WATER VAPOR 


35. 
* Measured b 


11 


Water Vapor,”’ 


(TimrRoTH-VUKALOVITcH, 1951*) 
(10° X u poise; pressure p, kg/cm?) 


p = 20) p = 40) p = 60) p = 80)p = 100/p = 150|p = 200][p = 250|p = 300, , og 


35.47 


Re a COR Oe Lea | | ce a 
283.5 | 284.5 | 285.5 | 287.4 | 290.4 | 294.3 | 298.2 | 304.1 100 
255.0 | 256.0 | 257.0 | 259.0 | 261.9 | 264.9 | 269.8 | 272.7 110 
231.5 | 232.5 | 233.5 | 235.4 | 238.4 | 241.3 | 246.2 | 248.2 120 
212.9 | 213.9 | 214.8 | 216.8 | 219.7 | 222.7 | 226.6 |} 229.6 130 
198.2 | 199.1 | 201.1 | 202.1 | 204.0 | 207.0 | 210.9 | 213.9 140 
185.4 | 186.4 | 188.4 | 190.3 | 191.3 | 194.2 | 197.2 | 200.1 150 
173.6 | 174.6 | 176.6 | 177.6 | 179.5 | 181.5 | 184.1 | 187.4 160 
163.8 | 163.8 | 165.8 | 166.8 | 168.7 | 169.7 | 172.6 | 175.6 170 
155.0 | 155.0 | 156.0 | 157.0 | 158.9 | 159.9 | 161.9 | 164.8 180 
146.2 | 147.2 | 148.1 | 148.1 | 150.0 | 151.1 | 153.0 | 155.0 190 
138.3 | 139.3 | 140.3 | 140.3 | 142.2 | 1483.2 | 145.2 | 146.2 200 
131.5 | 182.4 | 133.4 | 134.4 | 1385.4 | 136.4 | 137.3 | 139.3 210 
6 {126.5 | 126.5 | 127.5 | 128.5 | 129.5 | 130.5 | 132.4 220 
-6 | 120.7 | 120.7 | 121.6 | 122.6 | 123.6 | 124.6 | 126.5 280 
-8 3115.8 | 115.8 | 116.7 | 117.7 | 118.7 |119.7 | 120.7 240 
110.9 | 110.9 | 111.8 | 112.8 | 113.8 | 114.8 | 115.8 250 
105.9 | 106.9 | 106.9 | 107.9 | 108.9 | 109.9 | 110.9 260 
102.0 | 102.0 | 103.0 | 104.0 | 105.0 | 105.9 | 106.9 270 
19.43; 19.58] 98.1 99.1 | 100.1 | 101.0 | 102.0 | 103.0 280 
19.84; 19.98] 95.2 95.2 96.1 98.1 99.1 | 100.1 290 
20.24| 20.39 94.2 95.2 97.1 300 
20.65; 20.80 91.2 92.2 94.2 310 
21.05}; 21.21 88.3 89.3 91.2 320 
21.45| 21.62 84.4 85.3 88.3 330 
21.85| 22.02 79.5 81.4 84.4 340 
22.25 | 22.43} 22.63] 22.86] 23.77] 73.6 76.5 80.4 350 
22.66| 22.84) 23.04] 23.28] 24.12] 67.7 72.5 75.5 360 
23.06] 23.25) 23.45] 23.69! 24.49| 27.861 65.7 70.6 370 
23.46{ 23.65; 23.86| 24.10; 24.88| 27.27] 53.0 64.7 380 
23.86 | 24.06) 24.27} 24.51) 25.27| 26.50] 33.3 55.9 390 
24.26; 24.46; 24.68/ 24.93] 25.68] 26.80| 31.4 45.1 400 
24.66) 24.87) 25.09} 25.34; 26.09| 27.15] 30.4 3 410 


35.86! 36.26! 36.67! 37.10' 38.22! 39.43] 40.75| 42.20] 700 


Timroth, interpolated by Vukalovitch, ‘Thermodynamic Properties a Water and 
oscow, 1951, translation by General Electric Company, Schenectady, 1954. 
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* Measured by 
Water Vapor,’’ Moscow, 


Timroth, interpolated by Vukalovitch, 


1951, translation by General Electric Company, 
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TABLE 2v-7. KINEMATIC ViscosITy OF WATER AND SUPERHEATED WATER 
| Vapor (TIMROTH-VUKALOVITCH, 1951*) 
(102 X » em?/sec; pressure p kg/cm?) 

pea | 20 40 60 80 100 250 | 300 
100 20.90 | 0.295 | 0.296 | 0.297 | 0.298 | 0.299 308 | 0.313 
110 92.93 | 0.267 | 0.268 | 0.269 | 0.269 0.271 280 | 0.283 
120 23.55 | 0.244 | 0.245 | 0.246 0.247 | 0.248 258 | 0.260 
130 94.92 | 0.226 | 0.227 | 0.228 | 0.229 | 0.230 240 | 0.242 
140 26.31 | 0.213 | 0.214 0.215 | 0.216 | 0.217 225 | 0.227 
150 27.77 | 0.201 0.202 | 0.204 | 0.205 | 0.206 212 | 0.215 
160 29.25 | 0.190 | 0.191 | 0.192 | 0.194 | 0.195 200 | 0.202 
170 30.77 | 0.182 | 0.182 | 0.182 | 0.184 | 0.185 189 | 0.191 
180 32.31 | 0.174 | 0. 174 | 0.174 | 0.175 | 0.176 180 | 0.181 
190 33.90 | 0.167 | 0.167 | 0.167 | 0.168 | 0.168 172 | 0.172 
200 35 53 | 0.160 | 0.160 | 0.161 | 0.161 | 0.162 165 | 0.165 
210 37.21 | 0.154 0.154 | 0.155 {| 0.156 | 0.156 158 | 0.159 
22 38.90 | 1.763 | O. 0. 0. 0. .152 | 0.154 
Bae 40.63 | 1.864 0. 0. 0. 0. .147 | 0.149 
240 42.49 | 1.962 | 0. 0. 0. 0. .143 | 0.144 
250 44.21 | 2.061 ; O. 0. 0. 0. 139 | 0.140 
260 46.07 | 2.162 | 0. 0. O. O. 136 | 0.1386 
270 47.93 | 2.263-| 1. 0. 0. 0. 133 | 0.133 
280 49.88 | 2.365 | 1. 0. 0.1 0. 131 | 0.131 
290 51.81 | 2.470 | 1. 0. 0. 0. 13 0.13 
300 53.80 | 2.576 | 1. 0.' 0. QO. 13 0.13 
310 55.83 | 2.683 | 1. 0. 0. 0. .13 0.13 
320 57.88 | 2.789 | 1. OQ. 0. 0. 13 0.13 
330 59.98 | 2.898 | 1. 0. 0. 0. 13 0.13 
340 62.12 | 3.009 | 1. 0. QO. 0. 12 0.13 
350 64.28 | 3.120 | 1.509 | 0.970 0.696 | 0.527 12 0.12 
360 66.49 | 3.235 | 1.570 | 1.012 | 0.731 | 0.558 12 | 0.12 
370 68.72 | 3.353 | 1.630 | 1.055 | 0.765 | 0.588 123 | 0.12 
380 70.96 | 3.472 | 1.692 1.098 | 0.799 | 0.617 135 | 0.12 
390 73.96 | 3.590 | 1.754 1.141 | 0.8383 | 0.646 171 | 0.126 
400. 75.60 | 3.712 | 1.817 | 1.185 | 0.867 | 0.676 200 | 0.136 
410 77.97 | 3.833 | 1.881 1.230 | 0.902 | 0.705 218 | 0.164 
420 80.38 | 3.958 | 1.945 | 1.274 | 0.937 | 0.734 229 | 0.188 
430 82.80 | 4.081 | 2.010 | 1.319 0.972 | 0.763 248 | 0.202 
440 85.31 | 4.208 | 2.076 1.364 | 1.007 | 0.793 266 | 0.217 
450 87.80 | 4.337 | 2.142 | 1.410 1.043 | 0.822 284 | 0.232 
460 90.32 | 4.469 | 2.209 | 1.456 1.079 | 0.852 301 | 0.247 
470 92.88 | 4.602 | 2.277 1.504 | 1.115 | 0.882 317 | 0.253 
480 95.47 | 4.734 | 2.346 | 1.551 1.152 | 0.912 333 | 0.268 
490 98.10 | 4.866 | 2.416 | 1.599 1.189 | 0.942 348 | 0.283 
500 100.8 5.005 | 2.486 } 1.647 | 1.226 | O. 973 364 | 0.297 
510 103.5 | 5.144 | 2.557 | 1.695 | 1.264 | 1.004 380 | 0.311 
520 106.2 5.284 | 2.680 | 1.744 | 1.302 | 1. 035 395 | 0.324 
530 109.0 5 426 | 2.703 | 1.794 | 1.340 | 1.067 411 | 0.338 
540 111.8 5.568 | 2.777 | 1.844 | 1.378 | 1.098 426 | 0.353 
550 114.6 5.714 | 2.851 | 1.895 | 1.417 | 1.131 442 | 0.367 
560 117.5 5.862 | 2.927 | 1.947 | 1.457 | 1.163 458 | 0.381 
570 120.4 6.012 | 3.003 | 2.000 | 1.498 | 1.196 474 | 0.395 
580 123.3 6.164 | 3.080 | 2.053 | 1.539 | 1.230 .490 | 0.409 
590 126.2 6.316 | 8.158 | 2.106 | 1.580 | 1.264 .506 | 0.423 
600 129.2 | 6.468 | 3.236 | 2.159 | 1.621 | 1.298 .523 | 0.438 
610 132.3 | 6.621 | 3.315 | 2.213 | 1.662 | 1.331 539 | 0.452 
620 135.3 6.776 | 3.394 | 2.267 | 1.703 | 1.365 556 | 0.466 
630 138.4 6.933 | 3.474 | 2.322 | 1.745 | 1.399 572 | 0.480 
640 141.5 | 7.091 | 3.555 | 2.377 | 1.788 | 1.434 588 | 0.495 
650 144.6 7.251 | 3.637 | 2.433 | 1.830 | 1.469 604 | 0.509 
660 147.8 7 412 | 3.720 | 2.489 | 1.873 | 1.504 621 | 0.524 
670 151.0 7 575 | 3.803 | 2.546 | 1.917 | 1.540 638 | 0.538 
680 154.2 7.740 | 3.887 | 2.603 | 1.961 1.576 .655 | 0.553 
690 157.4 7 906 | 3.972 | 2.660 | 2.005 | 1.612 .672 | 0.568 
700 160.7 8.073 | 4.057 ' 2.718 | 2.049 1.648 .689 | 0.583 


‘Thermodynamic Properties of Water and 
Schenectady, 1954. 


2w. Diffusion of Gases 


R. C. ROBERTS 
Naval Ordnance Laboratory 
ee 
In the simple diffusion of one gas into another, the concentration of either com- 
ponent obeys the equation . 


aC _ af, \ , af, a \. af/.ac 
where C' = concentration of gas 


t = time 7 

x, Y, 2 = position coordinates 

D = diffusion coefficient — 

Although the diffusion coefficient is, in general, a function of temperature, pressure, 
and concentration, it can often be considered as constant provided the variations of 
temperature, pressure, etc., are small. The usual cgs units for the diffusion coefficient 
are cm?/sec. a. 

The elementary kinetic theory of gases shows that, for a two-component mixture, 


De a 3 Miro, + nor101 


a. (2w-2) 


where ni,2 = molecular density 
Ai,2 = mean free path 
Ci,2 = average velocity 
The more exact theories show a quite complicated behavior for D. For example, 
in a model consisting of rigid elastic spheres | | 


Diz 


kT (ms + =) Bas 


3 
~~ S(ni + N2)or? | — Q2rmime 
where m1,2 = mass of molecule 
m1,2 = number of molecules per cu cm 
I = absolute temperature 
0, = effective molecular collision diameter 
k = Boltzmann’s constant | 
For most gases a convenient reduction formula may be given to reduce the diffusion 
coefficient to standard temperature 7 and pressure p. It is - 
T ie Po 
D= Dy ‘ os (2w-4) 
where n varies between 1.75 and 2. - This ig reasonably valid over+a range of normal 
temperature and pressure. | 
The following tables contain data on the diffusion coefficients for a number of gases 
and vapors. In Table 2w-1 values of n are given (if known) so that: Eq. (2w-4) may 
be used to convert the coefficients to other than standard temperature and pressure. * 
* Continued on p. 2-214. 
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TABLE 2w-1. Dirrusion CoEFFIcIENTS Dp AT STANDARD TEMPERATURE AND 
PRESSURE 
(po = 760 mm Hg; T = 273°K) 


Gas pair Do, cm?/sec n 
HyO2C Osiacawicdeeunta ca eed es 0.1384 2 
fs 6: 1) eee eee nee me ete 0.219 1.75 
BGO sis didy225 6 ae SSSR eee oa 0.747 1.75 
Ethyl alcohol-COs............ 0.0686 2 
Ethyl alcohol-air............. 0.099 2 
Ethyl alcohol-He............. 0.377 2 
Ethyl ether-COze.............- 0.0541 2 
Ethyl ether-air............... 0.0786 2 
Ethyl ether-He............... 0.299 2 
Benzene-Og..........2-- 00828 0.0797 1.75 
Benzene-He..........0.22 052s 0.318 1.75 
CCl eOsicncticc he ewe See oes 0.0636 
COS soi Gis see eas 0.293 
Acetone-Hy...........-2--085 0.361 
Mercury-Ne.......- 00+ eee 0.1190 2 
TOdiInG=NG: oneds ch tae eee s 0.070 2 
TodinG-aif 64 hau gee eas 0.0692 . 2 
HerAy ewe ee oe ee ee 0.641 1.75 
Te ia fic dees tad Beal eh OO 1.20 
Pics. cavdou tous ce eek’ o4 0.697 1.75 
ge Nie ian ee te Se Saad 0.674 1.75 
Me COes fics tok tact cee 0.651 1.75 
He COte.nci artsy ctareneaek 0.550 1.75 
H.-CHy......... Be, Gard rtthnleaitesees 0.625 1.75 
Peps vatecia oc oaoe tees 0.480 1.75 
TENG O sen coos samees Sosa 0.535 1.75 
HeCsllas ccce tee wemeweea te eee 0.625 1.75 
Ae hati ate arte aoe Se 0.77 (20°C) 
Ope N orslen ic tee on ee aise 0.181 1.75 
ORC Oe iss e aoe Sees ee 0.185 1.75 
OF 6 Orr h 2 tig aes eee tes ee 0.139 2 
COP NG i hohe ei we eences 0.192 
CORE OF sales eee She eaes 0.137 1.75 
COCs iii an $23 bee eee 0.116 1.75 
COR No: setae ed oS eae 0.144 
CO.-CHg....... ee Cee | 0.1538 1.75 
CORNGOs nica jd arwaatee Rha 0.096 
Peat oreo Reece ees 0.611 1.75 
O.-air Se ea 1, Se aaa <a Sh Mangala eee ex eee eo 0.178 1.75 
COPSIP <c5 2e-e obo ahd pees 0.138 2 
CH.-air Bch A Ei, ace A lel Diciy id Lea wah sa waive tts, Soo aaa 0.196 
REN, coc eh he Bes ees 0.20 (20°C) 
BeO soda aah ae eee 0.20 (20°C) 
Ae C Obiric.3o mceee hrwe sees 0.14 (20°C) 
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TABLE 2w-2. DEPENDENCE oF Dirrusion COEFFICIENTS ON CONCENTRATION 


Pair of gases n1/N2 Dy» 
First gas H2; second gas CO, 3 0.594 
1 0.605 
$ 0.633 
First gas He; second gas A 2.65 0.678 
2.26 0.693 
1.66 0.696 
1 0.706 
0.477 0.712 
0.311 0.731 


TaBLE 2w-3. DEPENDENCE OF DIFFUSION COEFFICIENT ON PRESSURE 


Gas pair D, cm?/sec 
COe-air.......... 0.1653 
COeair.......... 0.3376 
COe-air.......... 0.4139 
CO.w-He.......... 0.6142 
COo-He.......... 0.9184 
He-Oo... 02.2... 0.8012 
He-O2...... 2... 1.1718 


TaBLE 2w-4. CoErFFICIENTS OF SELF-DIFFUSION* 


> 


Gas Temp, °K D, cm?/sec, experimental 
Hydrogen (para-hydrogen 273 1.285 + 0.0025 
into ortho-hydrogen) 85 0.172 + 0.008 
20.4 0.00816 + 0.0002 
Deuterium into hydrogen 288 1.24 | 
Neon . 293 0.473 + 0.002 
Argon 326.7 0.212 + 0.002 
295 .2 0.180 + 0.001 
273 .2 0.158 + 0.002 
194.7 0.0833 + 0.0009 
90.2 0.028 + 0.0010 
Krypton 294 .0 0.09 + 0.004 
Xenon 292.1 0.0443 + 0.002 
Nitrogen 293 0.200 + 0.008 
Methane (p = 60 mm Hg) 292 26.32 + 0.73 
Hydrogen chloride 295 .0 0.1246 
Hydrogen bromide 295.3 0.0792 
Uranium hexafluoride 303 D X p = (234 + 9) X 10-* g/em & sec 


(p = 10mm Hg) 


*~» = 760 mm Hg except where noted. 
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Tables 2w-2 and 2w-3 give certain data on the variation of D with pressure and con- 
centration. Table 2w-4 gives some of the latest data on self-diffusion. 

Chapman and Cowling! should be consulted for the advanced theory. A good 
bibliography may be found in Jost.? 
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Ox, Compressible Flow of Gases 


R. C. ROBERTS 


Naval Ordnance Laboratory 
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9x-1. Basic Equations in Rectangular Coordinates. The basic equations of motion 
for a compressible inviscid gas may be written as follows. 7 
Momentum Equation. By applying Newton’s laws of motion the Euler momentum 


equation may be derived in the form 


ou OU —ldp 


du, ou 
at tae tay tae pas 
ov ov ov ov —1l 0p 
_ — — —=——+Y 2x-1 
ai Tan tay tae poy” on 
Ow Ow ow dw  —lop 
bef pall aati oe 2a 
af + Yan Tay toe p az 
where 2, y, 2 = rectangular coordinates 
it = time a 
u, v, w = velocity components in the direction of the x, y, and 2 axes, respec- 
tively | 
p = pressure 
p = density 


X, Y, Z = rectangular components of external body force 


18, Chapman and T. G. Cowling, ‘“‘The Mathematical Theory of Non-uniform Gases,’’ 


Cambridge University Press, London, 1939. . 
2 W. Jost, ‘ Diffusion in Solids, Liquids, Gases,” Academic Press, Inc., New York, 1952. 
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Continuity Equation. The assumption that the gas is a continuous medium is 

expressed by the equation... oe | | 
Op 


ry) = (pu) are > (p0) +2 ; (pw) = | (2x-2) 


Equation of State. For a perfect gas the relation between the pressure p, density p, 
and temperature Tis © | 
= phi (2x-3) 


In the case of isentropic flow the pressure depends only on the density, as follows: 


= Kp’? (2x-4) 


where K is a constant and y = C,/C, is the ratio of the specific heat at constant 


pressure to the specific heat at constant volume. 

Energy Equation. In the case of isentropic flow, the equation of state together 
with the momentum and continuity equations are sufficient to determine completely 
the flow. An important type of nonisentropic flow is characterized by the fact that 
the entropy S of each fluid particle remains constant but may vary from particle to 
particle. This is expressed by the equation 


8 448 498 4S —o 


ofp re! P\ _ 
a (ee) ru2(2) +02 (2) +02(2) ia oa 


2x-2. Dynamic Similarity and Definition of Basic Flow Parameters. In the testing 
of scale models, it is necessary to maintain a proper scaling of certain dynamic param- 
eters in addition to the geometric scaling. For compressible inviscid flow there is 
only a single dynamic dimensionless parameter, the Mach number. 

Definition of Mach Number. The local Mach number is defined as the ratio of the 
local flow velocity q to the local sound velocity a, i.e., 


M = (2x-6) 


&Q [-Q 


Thus in a nonuniform flow the Mach number will vary from point to point. It 
should be noted that when M < 1, the flow velocity is less than the velocity of sound 
and there is subsonic flow. In the case M > 1 there is supersonic flow. If there isa 
region of flow in which the Mach number is close to one, M ~ 1, then the flow is said 
to be transsonic. _ | | 

Dynamic Similarity. If the flows around two geometrically similar bodies are con- 
sidered, it might be expected that.the resulting flow pattern, e.g., the configuration 
of the streamlines, would also be similar. This last condition is satisfied for a com- 
pressible inviscid flow provided the Mach numbers of the two flows are equal. It 
then follows that all other dimensional coefficients such as drag coefficient and pressure 
coefficient are also equal. 

In determining the Mach number in a flow it is necessary to know not only the 
flow velocity but the sound velocity as well. For a perfect gas the sound velocity is 
proportional to the square root of the temperature, 1.e., 


a= VyRT 


Table 2x-1 is based on this relationship. 


2-216 MECHANICS 


2x-3. Basic Idea of One-dimensional Flow. In many cases, as in a pipe of slowly 
varying cross section, it is possible to make the assumption of constant flow properties 
across any cross section perpendicular to the pipe axis. Although strictly speaking 
there are no one-dimensional flows, because of viscous effects on the boundaries, 
it is still possible to get much valuable information of a practical nature from the 
assumptions. 


TABLE 2x-1. VARIATION OF VeLOcITY OF SOUND witH TEMPERATURE 


T, °K a, fps | a, m/sec 


150 805 246 
160 832 | 254 
170 857 261 
180 882 269 
190 907 276 
200 930 283 
210 953 290 
220 975 297 
230 997 304 
240 1,019 311 
250 1,040 317 
260 1,060 320 
270 1,081 329 
280 1,100 300 
290 1,120 341 
300 1,139 347 
310 1,158 353 
320 1,176 359 
330 1,195 364 
340 1,213 370 
350 1,230 375 


Basic Equations. Making the assumption of isentropic flow the equations of 
motion are 


du, ou _ _lép - 
=a) + u ae ae (momentum) (2x-7) 
Op 1 oa = os a 
ai + Ae (puA) = 0 (continuity) (2x-8) 


where A = cross-sectional area. For unsteady one-dimensional flow in general and 
in particular for an excellent treatment of flow in pipes of constant area see ref. 3. 
The above equations also cover the case of cylindrical and spherically symmetric 
flow, i.e., 


; oA = ; (for cylindrical flow) 
4 24 = 2 (for spherically symmetric flow) 


In the important case of steady flow the equation can be integrated to give 


y ?P 
re Dp 
puA = m = const (2x-10) 


+ 5 u* = const (2x-9) 
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where m = mass flow. By taking logarithmic derivatives and remembering the 
definition of the Mach number M, the continuity equation may be written 


* 


{= M) +4 =e (2x-11) 


Thus, if du # 0 and M = 1, we see that dA = 0. Inother words, the Mach number 
becomes equal to unity only in a section of the pipe where the area is a minimum. 
This fact, is of prime importance in the design of supersonic wind tunnels. 

The dependence of the various flow variables on the Mach number for steady one- 
dimensional isentropic flow is given in Table 2x-2. 

Velocity Potential and Stream Function. In many important flow problems it is 
convenient to introduce the velocity potential and stream functions. The velocity 
potential exists whenever there is a state of irrotational flow, i.e., the velocity com- 
ponents satisfy the equations 


Then the velocity components u, v, w can be expressed as the components of the 
quotient of the velocity potential ¢. Thus 


_ %¢ 2 00 ._ %¢ 
ere y= ay Wisi (2x-13) 


The equation of motion may be reduced to the single equation for ¢, 


op z ( ( - sr) + Pez ( cae =) ae 2hyz — > ougs — 2dhex Pee 


eye Paty =0 (2x-14) 
where a? = 


Y 


—] 
D (Qmax? — oz? — py” a oz") 


and Gmax 1s the velocity with which the gas flows into a vacuum. 
For two-dimensional steady flow or for three-dimensional axially symmetric steady 
flow a stream function y may be introduced. In two-dimensional flow 
1 | 
p 


Uu=—~wpy y= — avs (2x-15) 
If cylindrical coordinates (x,r,@) are used and the flow is independent of 0, then the 
function ¥ may be defined by 


u=—y, v= — ie We (2x-16) 
pr 


es that w and v are now the velocity components in the x and r directions and 
= Vy? + 22. 

eo Two-dimensional and Axially Syinietie Flow. Many important types of 
flow belong to the class of two-dimensional or axially symmetric flows. These include 
flows past wedges, cones, bodies of revolution, etc. The important distinctions to be 
made are those between subsonic and supersonic flow. Purely subsonic flow is 
qualitatively quite similar to incompressible flow, while supersonic flow exhibits many 
startlingly different properties. Among these. are the appearance of shock waves 
(see Sec. 2z) and the existence of wave fronts. A general discussion of the above 
topics may be found in ref. 3. . 
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TABLE 2x-2. DEPENDENCE OF FLOW VARIABLES ON Macy NUMBER FOR 
ONE-DIMENSIONAL ISENTROPIC FLOW* 


M p/ po u/ao A/A* | pu?/2po | pu/podo p/ po T/To a/ao 
0.0 1.00000 | 0.00000 a.) 0.00000 | 0.00000 | 1.00000 | 1.00000 | 1.00000 
0.1 0.99303 | 0.09990 5.822 0.00695 | 0.09940 | 0.99502 | 0.99800 | 0.99900 
0.2 0.97250 | 0.19920 2.9635 0.02723 | 0.19528 | 0.98028 | 0.99206 | 0.99602 
0.3 0.93947 | 0.29734 2.0351 0.05919 | 0.284387 | 0.95638 | 0.98232 | 0.99112 
0.4 0.89561 | 0.39375 1.5901 0.10031 | 0.36393 | 0.92427 | 0.96899 | 0.98437 
0.5 0.84302 | 0.48795 1.3398 0.14753 | 0.438192 | 0.88517 | 0.95238 | 0.97590 
0.6 0.78400 | 0.57950 1.1882 0.19757 | 0.48704 | 0.84045 | 0.93284 | 0.96583 
0.7 | 0.72093 | 0.66803 1.0944 0.24728 | 0.52880 | 0.79161 | 0.91075 | 0.95433 
0.8 0.65602 | 0.75324 1.0382 0.29390 | 0.55739 | 0.73999 | 0.88652 | 0.94155 
0.9 0.59126 | O. 83491 1.0089 0.33524 | 0.57362 | 0.68704 | 0.86059 | 0.92768 
1.0 0.52828 | 0.91287 1.00000 | 0.36980 | 0.57870 | 0.63394 | 0.83333 | 0.91287 
1.1 0.46835 | 0.98703 1.0079 0.39670 | 0.57415 | 0.58170 | 0.80515 | 0.89730 
1.2 0.41238 | 1.0574 1.0304 0.41568 | 0.56161 | 0.53114 | 0.77640 | 0.88113 
1.3 0.36091 | 1.1239 1.0663 0.42696 | 0.54272 | 0.48290 | 0.74738 | 0.86451 
1.4. 0.31424 | 1.1866 1.1149 0.43114 | 0.51905 | 0.43742 | 0.71839 | 0.84758 
1.5 0.27240 | 1.2457 1.1762 0.42903 | 0.49203 | 0.39484 | 0.68966 | 0.83045 
1.6 0.23527 | 1.3012 1.2502 0.42161 | 0.46288 | 0.35573 | 0 66138 0.81325 
1.7 0.20259 | 1.3533 1.3376 0.40985 | 0.43264 | 0.31969-.| 0.63371 | 0.79606 
1.8 0.17404 | 1.4023 1.4390 0.39476 | 0.40216 | 0.28684 | 0.60680 | 0.77904 
1.9 0.14924 | 1.4479 1.5553 0.37713 | 0.37210 | 0.25699 | 0.58072 | 0.76205 
2.0 0.12780 | 1.4907 1.6875 0.35785 | 0.34294 | 0.23005 | 0.55556 | 0.74535 
2.1 0.10935 | 1.5308 1.8369 0.33757 | 0.31504 | 0.20580 | 0.53135 | 0.72894 
2.2 0.09352 | 1.5682 2.0050 0.31685 | 0.28863 | 0.18405 | 0.50813. | 0.71283 
2.3 0.07997 | 1.6033 2.1931 0.29614 | 0.26387 | 0.16458 | 0.48591 | 0.69707 
2.4 0.06840 | 1.6360 2.4031 0.27579 | 0.24082 | 0.14719 | 0.46468 | 0.68168 
2.5 -| 0.05853 | 1.6667 2.6367 0.25606 | 0.21948 | 0.13169 | 0.44444 | 0.66667 
2.6 0.05012 | 1.6953 2.8960 0.23715 | 0.19983 | 0.11788 | 0.42517 | 0.65205 
2.7 0.04295 | 1.7222 3.1830 0.21917 | 0.18181 | 0.10557 | 0.40683 | 0.63784 
2.8 0.03685 | 1.7473 3.5001 0.20222 | 0.16534 | 0.09463 | 0.38941 | 0.62403 
2.9 0.03165 | 1.7708 3.8498 0.18633 | 0.15032 | 0.08489 | 0.37286 | 0.61062 
3.0 0.02722 | 1.7928 4.2346 0.17151 | 0.138666 | 0.07623 | 0.35714 | 0.59761 
3.1 0.02345 | 1.8135 4.6573 0.15774 | 0.12426 | 0.06852 | 0.34223 | 0.58501 
3.2 0.02023 | 1.8329 5.1210 0.14499 | 0.11301 | 0.06165 | 0.32808 | 0.57279 
3.3 0.01748 | 1.8511 5.6287 0.13322 | 0.10281 | 0.05554 | 0.31466 0.56094 
3.4 0.01512 | 1.8682 6.184 0.12239 |. 0.09359 | 0.05009 | 0.30193 | 0.54948 
3.5 0.01311 | 1.8843 6.790 0.11243 | 0.08523 | 0.04523 | 0.28986 | 0.53838 
3.6 0.01138 | 1.8995 7.450 0.10328 | 0.07768 | 0.04089 | 0.27840 | 0.52763 
3.7 0.00990 | 1.9137 8.169 0.09490 | 0.07084 | 0.03702 | 0.26752 | 0.51723 
3.8 0.00863 | 1.9272 8.951 0.08722 | 0.06466 | 0.03355 | 0.25720 | 0.50715 
3.9 0.00753 1.9398 9.799 0.08019 | 0.05906 | 0.03044 | 0.24740 | 0.49740 
4.0 0.00659 | 1.9518 10.72 0.07379 | 0.05399 | 0.02766 | 0.23810 | 0.48795 
4.1 0.00577 | 1.9631 11.71 0.06788 | 0.04940 | 0.02516 | 0.22925 | 0.47880 
4.2 0.00506 | 1.9738 12.79 0.06250 | 0.04524 | 0.02292 | 0.22084 | 0.46994 
4.3 0.00445 | 1.9839 13.95 0.05759 | 0.04147 | 0.02090 | 0.21286 | 0.46136 
4.4 0.00392 | 1.9934 15.21 0.05309 | 0.03805 | 0.01909 | 0.20525 | 0.45305 
4.5 0.00346 | 2.0025 16.56 0.04898 | 0.03494 | 0.01745 | 0.19802 | 0.44499 
4.6 0.00305 2.0111 18.02 0.04521 0.03212 | 0.01597 0.19113 | 0.43719 
4.7 0.00270 | 2.0192 19.58 0.04177 | 0.02955 | 0.01464 | 0.18457 | 0.42962 
4.8 0.00239 | 2.0269 21.26 0.03862 | 0.02722 | 0.01343 | 0.17832 | 0.42228 
4.9 0.00213 | 2.0343 23 .07 0.03572 | 0.02509 | 0.01283 | 0.17235 | 0.41516 
5.0 0.00189 |} 2.0412 25.00 0.03308 | 0.02315 | 0.01134 | 0.16667 | 0.40825 


* A more complete table may be found in refs, 4 and 5. 
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Equations of Linearized Theory. For very slender two- and three-dimensional 
bodies it may be assumed that the flow disturbances are very small. This leads to a 
linearization of the nonlinear equation for the velocity potential to 


rie ae me Oz? - one 


d= ae 
In the above equation M,,.is the free-stream Mach number and ¢ is the so-called 
disturbance potential, i.e., 


=U+ Pz v= dy, w= : (2x-18) 


where U is the free-stream velocity. For further details, consult refs. 1 and 2. 

Prandil-Glauert Rule. For subsonic linearized flow there exists a useful correspond- 
ence between compressible and incompressible flow. In two dimensions this is given 
by the velocity relations | 


Ucompr = VL. M2 Uincompr . 2x-19 
p ee a p ( ) 


$(2,Y)compr = vi= We = = #(20s)incomps | (2x-20) 


where 21 = x 

y= V1 a M oy 
Thus, if an incompressible flow about a given body is known in the (2,,y;) plane, 
then the corresponding flow about the same body in the (z,y) plane is given by the 
above relations; see ref. 1. A similar relation exists for axially symmetric flow. Here 


| eee ee 
(2,1) compr = B2 (2,87) incompr B=vi1—- M.2 


However, in this case the comparison is not between the same > bodies but one of the r 
coordinates must be scaled by the factor 8; see ref. 1. | 

Hypersonic Similarity Rule. In very high-speed two-dimensional linearized super- 
sonic flow it is possible to show that the lift and drag coefficients depend solely on the 
Mach number and the hypersonic similarity parameter K = Mé6/b, where M is the 
free-stream Mach number, 6 is the maximum thickness of the body, and b is the body 
length, i.e., 7 = 6/b is the thickness ratio. Thus 


Co=aplK (2x-21) 
1 
Ci = 7 9K) | (2x-22) 
In three dimensions, | | | 


Transonic Similarity Rule. For two-dimensional transonic flows there exists a 
similarity parameter H = (1 — M)/(rT)!, where + = 6/b and © = 3(y +1). The 
lift and drag coefficients can be shown to depend only on the thickness ratio and the 
transonic similarity parameter H. Thus 


Cie a fH) (2x-24) 
Ci an oH) (2x-25) 
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In three dimensions, 
Cp = rh Ca- =) (2x-26) 
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2y. Laminar and Turbulent Flow of Gases 


R. C. ROBERTS 


Naval Ordnance Laboratory 


2y-1. Equations of Motion. The study of the motion of any real gas or fluid must 
of necessity take into consideration the effects of viscosity. The transfer of momen- — 
tum due to viscosity and the transformation of kinetic energy into heat must be 
considered in formulating the equations of motion. The following equations govern 
the motion of a viscous, compressible, heat-conducting gas. The viscosity and heat 
conductivity are assumed to be functions of the temperature only. 

Momentum Equations. In rectangular coordinates, the momentum equations may 
be written as 


ve my +2. ten) le 
ous 0 ve twee = pY +2. = +e)| | 
+ inlay ~ 3 (ae F32)] tale tay) ~ on 
Bue te tw) mo +o a(S +H) | 


) v 0,4 dw 2 ou dv ap 
+2 [a(2¢ +2) ] +2 [$02 - Su (+ 2)|-2 evn 


where up is the coefficient of viscosity and the other terms are as defined in Sec. 2x. 
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Continuity Equation. The oe of cama! is 


Hy + 5p (ou) + F (wr) + 2 (ow) = 0 (2y-2) 


Energy Equation. By using the first law of thermodynamics and by considering 
that heat conduction may take place in the gas, the following energy equation may be 
written 


dE OE dv , Ow 
Ts tne te oF tw a] +9(s: +242 


242 (18) 42 (5 ay) tae (#5 ) +ae[ (2) +(5) + al 
= Rone: + 20); +4 ou mY +u(H +H) +.(2 


(29-3) 
where k = heat-conductivity coefficient 
E = internal energy per unit mass 
S = external heat production rate per unit volume 
Equation of State. For a perfect gas the equation of state is 
p = pkT (2y-4) 


Stream Function. For a steady flow ip two dimensions or for axially symmetric flow 
a stream function may be defined as in Sec. 2x. It has great utility in boundary- 
layer work (see ref. 3). 

2y-2. Definitions of Basic Parameters. The basic dimensionless parameters of a 
viscous, compressible, heat-conducting gas are usually considered to be the Mach 
number, the Reynolds number, the Prandtl number, and the Grashof number (see 
ref. 2). The Mach number has been defined in Sec. 2x. The other three parameters 
may be defined as follows: 

Reynolds Number. In a flow with reference velocity u and reference length L, the 
Reynolds number & is defined as 


k= — (2y-5) 


where » = »/p is the kinematic viscosity. Two viscous flows may not be dynamically 
similar unless their respective Reynolds numbers are the same. 
Prandtl Number. The Prandtl number is defined as 


C : 
rao? (2y-6) 


where C7 is the specific heat at constant pressure and k is the heat conductivity. The 
Prandtl number depends only on the material properties of the gas. 

The Prandtl number is primarily a function of the temperature only. For small 
temperature changes it is often assumed to be constant (see ref. 2). The variation 
of P, with temperature is shown in Tables 2y-1 and 2y-2 for air and for molecular 
hydrogen Ho. 

Grashof Number. The Grashof number may be defined as 


_ L3g(T, — To) 

G, = v2T 5 (2y -7) 
where g is the acceleration of gravity and 7, and 7, are two reference temperatures. 
The Grashof number often appears when there is a transfer of heat through a bound- 
ary into or out of the gas. 
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2y-3. Exact Solutions. Because of the extreme complexity of the equations of 
motion, few exact solutions have been found. Nearly all of these are limited to the 
incompressible steady flow case. Since gases may often be assumed incompressible, 
these solutions may have practical importance. 

Pipe Flow. The exact incompressible solution for two-dimensional or axially 
symmetric steady flow through a pipe of constant cross section is characterized by a 


TABLE 2y-1. PRANDTL NUMBER P, FoR AIR 


T,°K| -P, | 7,°K P, 
100 | 0.770 560 | 0.680 
120'| 0.766 580 | 0.680 
140 | 0.761 600 | 0.680 
160 | 0.754 620 | 0.681 
180 | 0.746 640 | 0.682 
200 | 0.739 660 | 0.682 
220 | 0.732 680 | 0.683 
240 | 0.725 700 | 0.684 
260 | 0.719 720 | 0.685 
280 | 0.713 740 | 0.686 
300 | 0.708 760 | 0.687 
320 | 0.703 780 | 0.688 
340 | 0.699 | 800 | 0.689 
360 | 0.695 g20 | 0.690 
380 | 0.691 | 840 | 0.692 
400 | 0.689 860 | 0.693 
420 | 0.686 880 | 0.695 
440 | 0.684 900 | 0.696 
460 | 0.683 920 | 0.697 
480 | 0.681 940 | 0.698 
500 | 0.680 960 | 0.700 
520 | 0.680 980 | 0.701 
540 | 0.680 | 1000 | 0.702 


parabolic velocity distribution. In the two-dimensional case the complete solution 
is given by 


1 - . Op 


“u= | 
v=w=0 : (2y-8) 
Op _ op _ OP _ 

ay = const By OE = 0 


where the boundaries are at zg = Oand z =h. In the case of flow through a circular 
pipe, the theoretical solution has been shown to coincide almost exactly with experi- 
ment for laminar flow. | | 
Other Exact Solutions. There are a number of other exact solutions for the incom- 
pressible case such as steady flow between concentric cylinders and flow through tubes 
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of noncircular cross section. ‘These may be found by consulting refs. 1 and 3. Hamel 
(ref. 5) has found a number of nontrivial exact solutions. 

2y-4. Boundary Layer. When the Reynolds number of the flow is large, most of the 
viscous effects take place in the immediate vicinity of the boundaries. The outer 
flow may then be considered determined by the inviscid flow equations while in the 
boundary layer certain simplifications of the equation of motion may be made. For 
the case of two-dimensional flow past flat or slowly curving surfaces the pressure may 
be assumed to be completely determined by the outer flow. 


TABLE 2y-2. PRANDTL NuMBER FOR MoLEcULAR HyprocEen He* 


T, °K P, T, °K P, 


60 0.713 440 


| 0.684 
- 80 0.711 460 0.681 
100 0.712 480 0.678 
120 0.715 500 0.675 
140 | 0.718 520 0.671 
160 0.719 540 0.669 
- 180 0.720 560 0.667 
200 0.719 580 0.665 
220 0.717 600 0.664 
240 | 0.715 620 0.663 
260 0.712 640 0.663 
280 0.709 660 | 0.662 
300 0.706 680 0.661 
320 0.703 700 0.661 
340 0.699 720 0.661 
360 0.696 740 0.660 
380 0.693 760 0.660 
400 0.690 780 0.660 


420 0.687 800 0.660 


* The values in Tables 2y-1 and 2y-2 are taken from the National Bureau of Standards, ‘‘NACA 
Tables of Thermal Properties of Gases’’ (cf. ref. 6). 


Basic Equations. For two-dimensional steady flow as outlined above, the momen- 
tum, continuity, and energy equations are, respectively, 


3 du du\ df du dp 
o(ugz +o) = 2 Pay Ox 
_ OP | 


a 
a (2y-9) 
= (pu) Sars = (62) = (0) 


n(u2t +028) + o[02() +02 ()] =3 (22) +0(2) 


For a perfect gas the equation of state is p = pRT. In the above equations x may be 
considered as the distance along the boundary while y is the distance perpendicular 
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to the boundary. The velocity components u and v are interpreted in like manner. 
The equations then hold also for a slowly curving boundary. 

Blasius Flow. For incompressible steady flow past a flat plate with no pressure 
gradient, the equations of motion are 


Ou Ou 07u 


cer a a (2 ‘69 
au, ov _ gy - 
OX oy — 
with the boundary conditions u =v = 0 at y = 0 and u = ui = const at y = ~ 


and at z = 0. vw, is the free-stream velocity. Blasius solved this problem by means 
of the change of variable 


n= 3(2)y wager eas (22) of = (2y-11) 


This reduces the problem to the ordinary differential equation and boundary condi- 
tions 
df d2f 
dni ey dai = 0 

f=f'=Oat7=0 and ff’ =2atq= eyt2) 

2y-5. Turbulent Motion. For small values of the Reynolds number most flows are 
characterized by a certain uniformity of velocity distribution and smoothness of the 
streamline pattern. This condition is called laminar flow. As the Reynolds number 
is increased the flow will remain laminar until some critical value of R isreached. At 
this time the small-scale motions of the flow are seen to be chaotic or random in nature 
and consequently difficult to follow or predict. This is called turbulent flow. 

Because of the random nature of turbulent flow one usually considers or measures 
only average values of the flow variables. The assumption is usually made that the 
flow variables may be expressed as the sum of an average value plus a randomly 
fluctuating term, the latter term having zero as its average. In the following discus- 
sion the turbulent-flow quantities given are the average values of the flow variables. 

2y-6. Data on Turbulent Flow through Pipes. The following data show the 
behavior of the skin friction for incompressible turbulent flow through smooth and 
rough pipes. These data come from Nikuradse (see refs. 7 and 8). 

Smooth Pipes. The skin-friction coefficient Cy is a function of the Reynolds 
number R, for smooth pipes, 


Tw 
Cr=1_, 
ypu 
TU 
R, = — 


v 


where 7» = wall shear stress per unit area 
density 
kinematic viscosity 
u1 = velocity in center of pipe 
ry = pipe radius 

The behavior of Cy with R: is shown in Fig. 2y-1. An empirical curve which fits 
the data is also shown. 

Rough Pipes. For rough pipes with average projection of the roughness k, the 
skin-friction data are shown in Fig. 2y-2. The friction factor ) is plotted against 
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Fig. 2y-1. Universal wall- oe functional relation. 
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Fia. 2y-4. Relation between log C'p and log R (sphere). - 


Reynolds number R for various surface roughnesses r/k, 


2 
AX = 4C; (2) 
| U 
a = average velocity across pipe 
d = pipe diameter 
r = roughness factor 


r = pipe radius 


2y-7. Drag Data for Spheres and Cylinders. For incompressible viscous steady 
flow the drag coefficient is a function of the Reynolds number only. The graphs of 
Figs. 2y-3 and 2y-4 give curves of the experimental data for Cp, the drag coefficient, 
for a cylinder in cross flow and for a sphere, respectively. 
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: drag force 
Drag of cylinder Cp = aaa 
zpu7d 
where d = diameter of cylinder 
u = free-stream velocity 
Ra 
v 
drag force 
Drag of sphere Cp = ~>———~ 
Bor spans 2? Fou? (ed? /A) 
where d = diameter of sphere 
pe 
Vv 
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Fia. 2y-6. Data for gases inside tubes compared with recommended line AA. Line BB is 


obtained from the Reynolds analogy, taking f = 0.049(DG/y)~°? and cpp/k = 0.74. Line 
BB also represents the Prandtl analogy for ry of 0.3. . 
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2y-8. Skin-friction Data for a Flat Plate. Figure 2y-5 indicates the behavior of the 
skin-friction coefficient C; with Reynolds number for a flat plate in an incompressible 
fluid. 


Tw 


Cr; = 
zeus 
ul 


Vv 


1 = length of plate 
2y-9. Heat-transfer Data. The transfer of heat from heated surfaces to gases 


moving past them is of great importance. This heat transfer is often expressed in 
dimensionless form in terms of the Nusselt number Ky, 


hD 
Ky = 


where R 
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where h = coefficient of heat transfer 

D = length 

k = thermal conductivity 
For incompressible flow Ky is a fraction of the Reynolds number only. The behavior 
Ky with RF for pipe flow and for a flat plate is given below. 


° 20 40 60 on 80 100 120 


Fig. 2y-8. Variation of skin-friction ratio with Mach number for several constant values of 
wall-temperature ratio and Reg = 13,500. 


Pipe Flow. The variation of Ky with F for a circular pipe is given in Fig. 2y-6, 
where D is the pipe diameter. 
DG 


R=— 
7) 


where G = — 


w = mass rate of flow 
s = cross-sectional area of pipe 
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Flat Plate. For a flat plate the variation of Ky with R for small & is shown in 
Fig. 2y-7, where D is the length of the flat plate. For higher values of & recourse 
must be made to empirical formulas converting the pipe-flow into equivalent flat- 
plate data; see page 117 of ref. 10. 

2y~-10. Effect of Compressibility and Heat Transfer on Skin Friction. For a fixed 
Reynolds number the ratio of the local skin-friction coefficient c; to the corresponding 
incompressible value cs; is a function of the Mach number and the heat transfer. 
The graph shown in Fig. 2y-8, taken from ref. 12, represents an excellent theoretical 
fit to data from refs. 11 and 13. The curves are plotted for zero heat transfer where 
T. = Ty and several different constant heat-transfer conditions. The graph is for a 
single representative Reynolds number Rs» based on momentum thickness. 


T» = wall temperature : 
T,. = adiabatic wall temperature 
T.. = free-stream temperature 
Ke = = 
v 
; 5 
¢ = momentum thickness = jo f (4 _ 9) dy 
QO p11 
5 = boundary-layer thickness 


p1 = density outside boundary layer 
uy, = velocity outside boundary layer 
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2z-1. List of Symbols 


flow velocity, measured in a coordinate system moving with the shock front 
pressure 
density 
ratio of heat capacities = Cp/Cy 
- enthalpy 


internal energy 
absolute temperature 
entropy 
- gas constant per gram 
local sound velocity 
M, Mach number of incident shock = ui/ci 
n empirical constant in the Tait equation for liquids 
B(S) constant in the Tait equation for water 
n unit vector normal to surface 
u velocity vector 
Mr Mach number of reflected shock = wer/ce 


PS RAN! Mmr oVsSs 


Subscripts 1, 2, and 3 on any quantity (e.g., wi, pez, 3) mean that the quantity is 
measured in front of an incident shock, behind the incident shock, or behind a reflected 
shock, respectively. _ | 

Primed and double-primed quantities (e.g., p’, u’’) are measured, respectively, on 
the two sides of a boundary between two media. 

Subscript R on any quantity means that that quantity is measured in a coordinate 
system moving with a reflected shock. 

2z-2. Introduction. Sound waves of infinitesimal amplitude in fluids always 
propagate without change of form (neglecting the effects of viscosity, thermal con- 
ductivity, and relaxation). For waves of finite amplitude this is no longer true; the 
denser regions move faster than the less dense and hence the denser regions are always 
catching up with less dense ones in front of them; but since the velocity increases with 
density the effect becomes more and more pronounced, the front of the wave becoming 
steeper and steeper until the density, temperature, and pressure changes across it are 
virtually discontinuous—a shock wave is formed. Mathematically, a shock wave 
is an actual discontinuity propagating with a velocity greater than the local sound 
velocity. Physically, although a shock transition is extremely abrupt (of the order of 
10 mean free paths for a typical shock in a gas), it nevertheless is continuous, because 
of the action of dissipative forces. In what follows, attention will be focused exclu- 
sively on the regions behind or in front of the shock front. The relations that will be 
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given are of general validity (except as noted) and are in any case independent of the 
actual course of events within the front itself. 

It might be imagined that there could be a flow in which a shock moves from a 
dense region to a rarefied one. However, it can be shown from the energy-conser- 
vation law that steady-state flows of this type cannot exist in any fluid having an 
adiabat that is concave upward, the almost universally prevailing situation. 

Another type of discontinuity occurring in gas flows is called a ‘“‘contact disconti- 
nuity.’”’ It differs from a shock in that there is no mass flow across it, as there is in the 
case of a shock. Contact discontinuities cannot occur in steady-state flows and will 
not be further considered. 

22-3. Steady-state One-dimensional Flow. General Relations. Consider a shock 
propagating steadily in a fluid. Relative to a coordinate system moving with the 
shock, the equations of steady compressible flow are 


Uae ae ae = 0 (2z-1a) 
ou , lop _ | | 
m Ox p Ox =O gay) 
Equation (2z-1a) leads to 
p22 = piu (22-2) 


From Eqs. (2z-1) and (22-2) we have 


p22? + po = pili? + pr (2z-3) 
Also, from (2z-1b), 


zu + if — = const (2z-4a) 


From the energy-conservation equation, it can be shown that 
xus? + He = guy + Hy, (22-46) 


These equations lead at once to the Rankine-Hugoniot relations: 


1 1 1 

Ek, — ky = AE = 5 (pe + Pi) oe pee (2z-5a) 
P1 p2 
1 1 1 

H,— Hy, = AH = 5 (p2 — Pi) (-+- (2z-5b) 
Pl P2 

pe 2 te P| : 
si pI Er — 1/p2 are 


Equations (2z-5a), (2z-5b), and (2z-5c) are based solely upon hydrodynamics and 

thermodynamics and are valid for all fluids. Further progress can now be made only 

when they are supplemented by an equation of state for the fluid. | 
Special Cases. THE IDEAL GAS: 


p = pk*T 


From Eqs. (22-5a), (22-5b), and (2z-5c) and the equation of state it can be shown that 


7 


pe _ ex(y +1) — aly ~ D ; 

Mm pily +1) — poly — 1) (2z-6a) 
p2 _ poy +1) + pily — 1) 
pr Puy +1) + Daly — 1) 


T'. Pe2p1 
and T = wa a 6c) 


(2z-6b) 
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In terms of the Mach number of the incident shock Mi, 


2M _ 1 
See aie ae 7 = ‘ zh (2z-7a) 
and POs _MPy +1) (2z-7b) 


P1 Mi(y —1) +2 


Liquips: An often-used equation of state for liquids, especially water, is the Tait 
equation. A convenient form of it is 


T',p)\" 
Dp ( ) p(T',0) (22 8a) 
A ° = picy? 
pproximately B= oo (2z-8b) 


It is a good approximation in liquids to assume that the initial and final states are 
connected by an adiabatic compression. With this assumption, 


ee E 40 Z ! o| (22-9) 
(n—1) 
where o= aca | (2) = 1| (2z-9b) 
n—1 P1 


Systems Subject to Chemical Reaction. The Rankine-Hugoniot relation, Eq. (2z-5a), 
is plotted in the (p, 1/p) plane in Fig. 2z-1 with an adiabat for comparison. This 
relation is of course valid when the system reacts chemically, if the chemical energy 
is included in AZ. In this case the point (1,91) does not lie on the Rankine-Hugoniot 
curve, but either above or below it, depending on whether the chemical reaction is 
endothermic or exothermic. An especially interesting case, detonation, occurs when 
there is enough chemical energy alone to sustain the shock wave. Since the wave 
velocity is measured by the slope of the line through (p1,91) which intersects the 
Rankine-Hugoniot curve [see Eqs. (22-5)], there is usually an infinite number of 
possible velocities. However, in a steady-state detonation the lowest possible veloc- 
ity, which corresponds to a line through (pi,p1) just tangent to the Rankine-Hugoniot 
curve, is the one that occurs. This is the Chapman-Jouguet condition: 


1 p2 — pi ) 
‘ = -— _— eee | 
U1detonation pi 1/p1 == 1/p2 ao (22 0) 


which provides the extra relation needed so that the detonation velocity may be 
calculated from Eqs. (22-5). 

When mechanical as well as chemical energy is available, the velocity increases 
from the Chapman-Jouguet value as (p2,e2) moves upward along the Rankine- 
Hugoniot curve. There is no common physical process corresponding to the value of 
(p2,p2) below the Chapman-Jouguet value. The other branch of the Rankine- 
Hugoniot curve for which pe < pi and pz < 1 corresponds to a deflagration and is a 
subsonic process. 

2z-4. Reflection and Refraction at a Rigid Wall. At a rigid boundary, in addition 
to the previous Eqs. (2z-5) there must be added the condition 


u-n=0Q (22-11) 


Normal Incidence. The use of (2z-11) along with (22-5) for a perfect gas leads to 


ps _ (87 — 1)(p2/pi) — vy +1 (22-124) 


P2 (y — 1)(p2/p1) +y +1 
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 — 2iee/py - +2 __ ; 
” (2ylCy + 1) (p2/p1s) + — 1h (2z-12b) 


which is the velocity of the reflected shock relative to the reflecting surface. 

Oblique Incidence. In this case a second condition may be imposed: the incident 
and reflected waves should intersect at the surface. This condition cannot always be 
satisfied; when it is one speaks of regular reflection. Regular reflection always occurs 
at a sufficiently small angle of incidence (i.e., the angle between the normal to the 
surface and the normal to the shock front). The two boundary conditions then com- 
pletely determine the direction and strength of the reflected shock. 


and —U3R 


(P2.p2) CHAPMAN- JOUGUET VALUE 


RANKINE-HUGONIOT CURVE | 


(P, Pr) 


| 
Ip | 
Fia. 2z-1. Plot of Rankine-Hugoniot relation. 


There exists a critical angle of incidence above which regular reflection cannot 
occur. The point of intersection of the incident and reflected shocks rises above the 
surface and is joined to it by a third shock, called the Mach stem. This case is called 
‘“‘Mach reflection.”’ Experimentally it is found that Mach reflection sets in at angles 
smaller than those predicted by theory. , 

2z-5. Reflection and Refraction at a Nonrigid Wall. There are now two boundary 
conditions that must be satisfied 


| wen’ =u’-n” | (2z-13a) 
and p’ = p” (2z-13b) 


Normal Incidence. In order to satisfy both (2z-13a) and (2z-13b) it is necessary 
that there be a transmitted and a reflected wave. The transmitted wave is always a 
shock, but the reflected wave may be either a shock or a rarefaction wave, depending 
on the properties of the two media, and, in some cases, on the strength of ‘he incident 
shock. 
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Oblique Incidence. There can occur either regular reflection or Mach reflection, of 
which the first case has been well investigated. It is shown that there is always 
a transmitted wave (i.e., total reflection of a shock wave cannot occur). If the second 
medium has a high acoustic impedance, the observed phenomena are similar to those 
found at a rigid surface; if the second medium has a low acoustic impedance, the 
observed phenomena are similar to those found at a free surface. 

Free Surface (for Liquids Only). The condition (2z-13b) here becomes p’ = 0. 
For a sufficiently small angle of incidence there is always a reflected rarefaction wave 
intersecting the incident shock at the surface. At some critical angle of incidence, 
determined by the strength of the incident shock as well as the properties of the 


liquid, this picture no longer applies. The phenomena in this case have not yet been 


intensively investigated. 

Table 2z-1 lists some important properties of shock waves in ideal monatomic and 
diatomic gases. The following values have been used for y, the ratio of heat capaci- 
ties: For the monatomic gas, y = %; for the diatomic gas, y = %. For both gases, 


TABLE 2z-1. Some PROPERTIES OF SHOCKS IN IDEAL GASES 


Monatomic Diatomic 
M, ert eee 
p2/p1 p2/p1 T2/T1 Mer p2/Pr p2/p1 T2/T1 Mr 

1 1.000 | 1.000 1.000 | 1.000 1.000 | 1.000 |; 1.000 | 1.000 
1.5 2.562 | 1.714 1.495 | 1.397 2.458 | 1.862 | 1.320 | 1.426 
2 4.750 | 2.286 2.078 | 1.648 4.500 | 2.667 | 1.688 | 1.732 
2.5 7.562 | 2.703 2.798 | 1.808 7.125 | 3.333 | 2.138 | 1.949 
3 11.00 3.000 3.667 | 1.915 | 10.33 3.857 | 2.679 | 2.104 
4 19.75 3.368 5.863 | 2.041 | 18.50 4.571 | 4.047 | 2.297 
5 31.00 3.571 8.680 | 2.104 | 29.00 5.000 | 5.800 | 2.408 
6 44.75 3.692 12.12 2.142 

8 79.75 3.821 20.87 2.182 

10 124.8 3.884 32.12 2.201 

15 281.0 3.947 71.19 2.220 
20 499.8 3.970 | 125.9 2.227 


the possibility of electronic excitation has been neglected. In addition, for the 
diatomic gas, the possibilities of dissociation and the activation of the vibrational 
heat capacity have been neglected. Since the latter assumption becomes increasingly 
unrealistic at high temperatures, this part of the table has not been extended beyond 
M = 5. 
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39. Acoustical Definitions! 
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3a-1. General 


Acceleration. The acceleration of a point is the time rate of change of the velocity 
of the point. 

Acoustic, acoustical. The qualifying adjectives acoustic and acoustical mean 
containing, producing, arising from, actuated by, related to, or associated with sound. 
Acoustic is used when the term being qualified designates something that has the 
properties, dimensions, or physical characteristics associated with sound waves; 
acoustical is used when the term being qualified does not designate explicitly something 
which has such properties, dimensions, or physical characteristics. 

EXAMPLES: Acoustic singularities manifested through acoustic impedance irregu- 
larities make possible acoustical flaw-detection methods based on acoustic flaw 
detection. Positive acoustical advantages can accrue from good acoustical utilization 
of such acoustic signals, which represent an acoustical manifestation of electricity 
transmitted acoustically by an acoustic medium. From the acoustical point of view, 
acoustic loading is an excellent method of effecting the acoustical termination of an 
acoustical system with an acoustic termination. 

- Acoustics. Acoustics is the science of sound including its production, transmission, 
and effects. 

Anechoic Space or Chamber. An anechoic space or chamber is a bounded space in 
which reflected waves are sufficiently weak as to be negligible in the region of interest; 
more literally, echo-free space. 

Antinodes (Loops). Antinodes are the points, lines, or surfaces in a standing-wave 
system where some characteristic of the wave field has maximum amplitude. 


Note: The appropriate modifier should be used with the word ‘‘antinode”’ to signify 
the type that is intended (pressure antinode, velocity antinode, etc.). 


Audio Frequency. An audio frequency is any frequency corresponding to a nor- 
mally audible sound wave. 


Note 1: Audio frequencies range roughly from 15 to 20,000 cycles per second. 
Note 2: The word ‘‘audio’’ may be used as a modifier to indicate a device or system 
intended to operate at audio frequencies, e.g., ‘‘audio amplifier.’’ 


Band Power Level. The band power level of a sound for a specified frequency band 
is the acoustic power level for the acoustic power contained within the band. The 
width of the band and the reference power must be specified. The unit is the decibel. 

Band Pressure Level. The band pressure level of a sound for a specified frequency 
band is the effective sound pressure level for the sound energy contained within the 
band. The width of the band and the reference pressure must be specified. The unit 
is the decibel. 


1From American Standard Z24.1-1951, American Standards Association. 


3-2 


ACOUSTICAL DEFINITIONS 3-3 


Beats. Beats are periodic variations that result from the superposition of waves 
having different frequencies. — 

Compressional Wave. A compressional wave is a wave in an elastic medium which 
causes an element of the medium to change its volume without undergoing rotation. 


Note 1: Mathematically, a compressional wave is one whose velocity field has zero curl. 
Note 2: A compressional plane wave is a longitudinal wave. 


Continuous Spectrum. A continuous spectrum is the spectrum of a wave the com- 
ponents of which are continuously distributed over a frequency region. 

Decibel. The decibel is a dimensionless unit for expressing the ratio of two values 
of power, the number of decibels being 10 times the logarithm to the base 10 of the 
power ratio. 


Note: With Pi and P2 designating two amounts of power and n the number of decibels 
corresponding to their ratio, . 


n = 10 logio . 


When the conditions are such that scalar ratios of currents or of voltages (or analogous 
quantities in other fields such as pressures, or particle velocities in sound) are the square 
roots of the corresponding power ratios, the number of decibels by which the corresponding 
powers differ is expressed by the following formulas: . | 


. af 
. = 20 logio Te 


Vi 
= 20 1 — 
n 0 logio Ve 


where [i1/I2 and Vi/V2 are the given current and voltage ratios, respectively. : 

By extension, these relations between numbers of decibels and scalar ratios of currents or 
voltages are sometimes applied where these ratios are not the square roots of the cor- 
responding power ratios; to avoid confusion, such usage should be accompanied by a 
specific statement of this application. | 


Doppler Effect. The Doppler effect is the phenomenon evidenced by the change 
in the observed frequency of a wave in a transmission system caused by a time rate of 
change in the effective length of the path of travel between the source and the point of 
observation. | | | | 

Echo. An echo is a wave which has been reflected or otherwise returned with sufh- 
cient magnitude and delay to be perceived in some manner as a wave distinct from 
that directly transmitted. | | | 

Effective Particle Velocity. The effective particle velocity at a point is the root 
mean square of the instantaneous particle velocity (see Effective Sound Pressure for 
details). The unit is the meter per second (in the cgs system the unit is the centimeter 
per second). | 

Effective Sound Pressure (Root-mean-square Sound Pressure). The effective sound 
pressure at a point is the root-mean-square value of the instantaneous sound pressures, 
over a time interval at the point under consideration. In the case of periodic sound | 
pressures, the interval must be an integral number of periods or an interval which is 
long compared with a period. In the case of nonperiodic sound pressures, the interval 
should be long enough to make the value obtained essentially independent of small 
changes in the length of the interval. 


Note: The term “effective sound pressure’’ is frequently shortened to ‘‘sound pressure.” 


Electric Power Level, or Sound Intensity Level. The electric power level, or the 
acoustic intensity level, is a quantity expressing the ratio of two electric powers or of 
two sound intensities in logarithmic form. The unit is the decibel. Definitions are 
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Electric power level = 10 logio ue db 
2 


10 logio 7 db 


Acoustic intensity level 
where W, and W, are two electric powers and J, and I, are two sound intensities. 
Extending this thought further, we see that 


E;? Re 
10 logio Ri Ey 


Electric power level 


E R 
20 logo Ei, + 10 logio R. db 


where EF; is the voltage across the resistance R, in which a power W; is being dissipated 
and E, is the voltage across the resistance R2 in which a power Wz is being dissipated. 
Similarly, 


Acoustic intensity level = 20 logio ms + 10 logio ae db 
2 sl 


where 7p; is the pressure at a point where the specific acoustic resistance (i.e., the real 
part of the specific acoustic impedance) is R.1 and p2 is the pressure at a point where the 
specific acoustic resistance is R42. We note that 10 logic (W1/W2) = 20 logio (Ei/E2) 
only if Ry = Re and that 10 logio (11/12) = 20 logio (pi/p2) only if Rse = Ha. 
Levels involving voltage and pressure alone are sometimes spoken of with no regard 
to the equalities of the electric resistances or specific acoustic resistances. This prac- 

tice leads to serious confusion. It is emphasized that the manner in which the terms 
are used always should be clearly stated by the user in order to avoid confusion. 

Flutter Echo. A flutter echo is a rapid succession of reflected pulses resulting from 
a single initial pulse. 

Free Field. A free field is a field (wave or potential) in a homogeneous isotropic 
medium free from boundaries. In practice it is a field in which the effects of the 
boundaries are negligible over the region of interest. | 


Note: The actual pressure impinging on an object (e.g., electroacoustic transducer) 
placed in an otherwise free sound field will differ from the pressure which would exist at 
that point with the object removed, unless the acoustic impedance of the object matches 
the acoustic impedance of the medium. 


Infrasonic Frequency (Subsonic Frequency). An infrasonic frequency is a fre- 
quency lying below the audio-frequency range. 


Note: The word “‘infrasonic’’ may be used as a modifier to indicate a device or system 
intended to operate at infrasonic frequencies. 


Instantaneous Particle Velocity (Particle Velocity). The instantaneous particle 
velocity at a point is the velocity, due to the sound wave only, of a given infinitesimal 
part of the medium at a given instant. It is measured over and above any motion of 
the medium asa whole. The unit is the meter per second (in the cgs system the unit 
is the centimeter per second). 

Instantaneous Sound Pressure. The instantaneous sound pressure at a point is the 
total instantaneous pressure at that point minus the static pressure at that point. 
The commonly used unit is the microbar. 

Intensity Level. The intensity level of a sound, in decibels, is 10 times the logarithm 
to the base 10 of the ratio of the intensity of this sound to a reference intensity. That 
iS, 

I 
Lr = 10 logio —— 
I ref 
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In the United States the reference intensity is often taken to be 10-!6 watt /em?(10- }2 
watt/m?). This reference at standard atmospheric conditions in a plane or spherical 
progressive wave was originally selected as corresponding approximately to the 
reference pressure (0.0002 microbar). 

Line Spectrum. A line spectrum is the spectrum of a wave the components of which 
are confined to a number of discrete frequencies. 

Longitudinal Wave. A longitudinal wave is a wave in which the direction of dis- 
placement at each point of the medium is normal to the wave front. __ 

Microbar (ub). A microbar is a unit of pressure commonly used in acoustics. One 
microbar is equal to 0.1 newton per square meter or 1 dyne per square centimeter. 

Neper. The neper is a unit used to express the scalar ratio of two currents or two 
voltages, the number of nepers being the natural logarithm of such a ratio. 


Note 1: With J; and Iz designating the scalar value of two currents, and n the number of 


nepers denoting their scalar ratio, then 
n =lo h 
: ae I» 


When the conditions are such that the power ratio is the square of the corresponding cur- 
rent or voltage ratio, the number of nepers by which the corresponding voltages or currents 
differ may be expressed by the following formula: 


where P:/P2 is the given power ratio. 

By extension, this relation between number of nepers and power ratio is sometimes applied 
where this ratio is not the square of the corresponding current or voltage ratio; to avoid 
confusion, such usage should be accompanied by a specific statement of this application. 

Note 2: One neper is equal to 8.686 db. 

Note 3: The neper is used in mechanics and acoustics by extending the above definition 
to include all scalar ratios of like quantities which are analogous to current or voltage. 


Nodes. Nodes are the points, lines, or surfaces in a standing-wave system where 
some characteristic of the wave field has essentially zero amplitude. 


Note: The appropriate modifier should be used with the word “node” to signify the 
type that is intended (pressure node, velocity node, etc.). 


Noise. Noise is any undesired sound. By extension, noise is any unwanted dis- 
turbance within a useful frequency band, such as undesired electric waves in any 
transmission channel or device. 

Plane Wave. A plane wave is a wave in which the wave fronts are everywhere 
parallel planes normal to the direction of propagation. 

Power Spectrum Level. ‘The power spectrum level of a sound at a specified frequency 
is the power level for the acoustic power contained in a band one cycle per second wide, 
centered at this specified frequency. The reference power must be specified. The 
unit is the decibel (see also the discussion under Pressure Spectrum Level). 

Pressure Spectrum Level. The pressure spectrum level of a sound at specified fre- 
quency is the effective sound pressure level for the sound energy contained within a 
band one cycle per second wide, centered at this specified frequency. The reference 
pressure must be explicitly stated. The unit is the decibel. 


Note: The concept of pressure spectrum level ordinarily has significance only for sound 
having a continuous distribution of energy within the frequency range under consideration. 
The level of a uniform band of noise with a continuous spectrum exceeds the spectrum 
level by 

Cn = 10 logio (f4 — fa) db 


where f, and fa are the upper and lower frequencies of the band, respectively. The level 
of a uniform noise with a continuous spectrum in a band of width Jo — fa cps is therefore 
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related to the spectrum level by the formula 
Lin = Ch + Sn 


where Ln = sound pressure level in decibels of the noise in the band of width fy — fa; for 
Cn see above, Sn = spectrum level of the noise, and = designation number for the band 
being considered. 


Rate of Decay. The rate of decay is the time rate at which the sound pressure level 
(or velocity level, or sound-energy density level) is decreasing at a given point and at a 
given time. The practical unit is the decibel per second. 

Reverberation. Reverberation is the persistence of sound at a given point after 
direct reception from the source has stopped. 


Note; This may be due (1) (as in the case of rooms) to repeated reflections from a small 
number of boundaries or to the free decay of the normal modes of vibration that were 
excited by the sound source, (2) (as in the case of underwater sound in the ocean) to scatter- 
ing from a large number of inhomogeneities in the medium or reflection from bounding 
surfaces. 


Shear Wave (Rotational Wave). A shear wave is a wave in an elastic medium 
which causes an element of the medium to change its shape without a change of 
volume. | 


Note 1: Mathematically, a shear wave is one whose velocity field has zero divergence. 
Note 2: A shear plane wave in an isotropic medium is a transverse wave. 


Sound-Energy Density. The sound-energy density is the sound energy in a given 
infinitesimal part of the gas divided by the volume of that part of the gas. The unit 
is the watt-second per cubic meter. (In the cgs system the unit is the erg per cubic 
centimeter). In many acoustic environments such as in a plane wave the sound- 
energy density at a point is 


where 7 is the ratio of specific heats for a gas and is equal to 1.4 for air and other 
diatomic gases. The quantity y is dimensionless. Pp 1s the barometric pressure. 

Sound Field. A sound field is a region containing sound waves. 

Sound Intensity (I). The sound intensity measured in a specified direction at a 
point is the average rate at which sound energy is transmitted through a unit area per- 
pendicular to the specified direction at the point considered. The unit is the watt per 
square meter. (In the cgs system the unit is the erg per second per square centimeter.) 
In a plane or spherical free-progressive sound wave the intensity in the direction of 
propagation is 7 


[= a watts/m2? or erg-sec™!/cm? 
Po 


Note: In the acoustical literature the intensity has often been expressed in the units 


of watts per square centimeter, which is equal to 1077 times the number of ergs per second 
per square centimeter. ” 


Sound Intensity Level. See Electric Power Level. 

Sound Level. The sound level at a point in a sound field is the reading in decibels 
of a sound-level meter constructed and operated in accordance with the latest edition 
of American Standard Sound Level Meters for the Measurement of Noise and Other 
Sounds.! | a 

The meter reading (in decibels) corresponds to a value of the sound pressure 


1 American Standard Sound Level Meters for the Measurement of Noise and Other 
Sounds, Z24.3-1944, American Standards Association, Inc., New York. This standard 
is in process of revision. 
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integrated over the audible frequency range with a specified frequency weighting and 
integration time. 

Sound Power Level. The acoustic power level of a sound source in decibels is 10 
times the logarithm to the base 10 of the ratio of the acoustic power radiated by the 
source to a reference acoustic power. That is, 


Lw = 10 logio db 


WwW 
W ret 
Often, Wret is 10-18 watt. This means that a source radiating 1 acoustic watt has a 
power level of 130 db. 

Sound Pressure Level. The pressure level of a sound, in decibels, is 20 times the 
logarithm to the base 10 of the ratio of the measured effective sound pressure of this 
sound to a reference effective sound pressure. That is, 


Ly = 20 logio as db 
Pret 


In the United States pret is either (1) Pree = 0.0002 microbar (2 K 10-5 newton/m2) or 
(2) Prep = 1 microbar (0.1 newton/m?). Reference pressure (1) has been in general 
use for measurements dealing with hearing and for sound-level and noise measurements 
in air and liquids. Reference pressure (2) has gained widespread use for calibration 
of transducers and some types of sound-level measurements in liquids. The two 
reference levels are almost exactly 74 db apart. The reference pressure must always 
be stated explicitly. 

Spectrum. The spectrum of a wave is the distribution in frequency of the magni- 
tudes (and sometimes phases) of the components of the wave. Spectrum also is used 
to signify a continuous range of frequencies, usually wide in extent, within which waves 
have some specified common characteristic, e.g., nidiotrequenity spectrin radio- 
frequency spectrum, etc. 

Spherical Wave. <A spherical wave is a wave in which the wave fronts are con- 
centric spheres. 

Standing Waves. Standing waves are periodic waves having a fixed distribution in 
space which is the result of interference of progressive waves of the same frequency and 
kind. Such waves are characterized by the existence of nodes or partial nodes and 
antinodes that are fixed in space. 

Static Pressure (Po). The static pressure at a point in the medium is the pressure 
that would exist at that point with no sound waves present. At normal barometric 
pressure, Py equals approximately 105 newtons/m? (108 dynes/cm?). This corre- 
sponds to a barometer reading of 0.751 m (29.6 in.) Hg(mercury) when the tempera- 
ture of the mercury is 0°C. Standard atmospheric pressure is usually taken to be 
0.760 m Hg at O°C. 

Statronary Waves. Stationary waves are standing waves in which the energy flux 
is zero at all points. 


Note: Stationary waves can only be approximated in practice. 


Strength of a Simple Sound Source. The strength of a simple sound source is the 
rms magnitude of the total air flow at the surface of a simple source in cubic meters 
per second (or cubic centimeters per second), where a simple source is taken to be a 
spherical source whose radius is small compared with one-sixth wavelength. 

Ultrasonic Frequency (Supersonic Frequency). An ultrasonic frequency is a fre- 
quency lying above the audio-frequency range. The term is commonly applied to 
elastic waves propagated in gases, liquids, or solids. 


Note: The word ‘‘ultrasonic’’ may be used as a modifier to indicate a device or system 
intended to operate at ultrasonic frequencies. 


\ 
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Velocity. The velocity of a point is the time rate of change of a position vector of 
that point with respect to an inertial frame. 


Note: In most cases the approximation is made that axes fixed to the earth constitute. 


an inertial frame. 


Volume Velocity. The volume velocity, due to a sound wave only, is the rate of flow 
of the medium perpendicularly through a specified area S. That is, U = uS, where 
u is the particle velocity and U is the volume velocity. The unit is the cubic meter 
per second. (In the cgs system the unit is the cubic centimeter per second.) 

Wave. A wave is a disturbance which is propagated in a medium in such a manner 
that at any point in the medium the displacement is a function of the time, while at 
any instant the displacement at the point is a function of the position of the point. 

Any physical quantity which has the same relationship to some independent 
variable (usually time) that a propagated disturbance has, at a particular instant, with 
respect to space, may be called a wave. 


Note: In this definition, displacement is used as a general term, indicating not only 
mechanical displacement, but also electric displacement, etc. 


Wavefront. (1) The wavefront of a progressive wave in space is a continuous 
surface which is a locus of points having the same phase at a given instant. (2) The 
wavefront of a progressive surface wave is a continuous line which is a locus of points 
having the same phase at a given instant. 

Wave Interference. Wave interference is the phenomenon which results when waves 
of the same or nearly the same frequency are superposed and is characterized by a 
spatial or temporal distribution of amplitude of some specified characteristic differing 
from that of the individual superposed waves. 


3a-2. Sound Transmission and Propagation 


Acoustic Attenuation Constant (Attenuation Constant). The acoustic attenuation 
constant is the real part of the acoustic propagation constant. The commonly used 
unit is the neper per section or per unit distance. 


Note: In the case of a symmetrical structure, the imaginary parts of both the transfer 
constant and the acoustic propagation constant are identical, and hence either one may 
be called simply the attenuation constant. 


Acoustic Compliance. The acoustic compliance of an enclosed volume of gas is 
equal to the magnitude of the ratio of the volume displacement of a piston forming one 
side of the volume to the pressure causing the displacement (units cm*/dyne or 
m5 /newton). 

Acoustic Impedance (American Standard Acoustic Impedance). The acoustic 
impedance at a given surface is defined as the complex ratio! of effective sound pressure 
averaged over the surface to effective volume velocity through it. The surface may 
be either a hypothetical surface in an acoustic medium or the moving surface of a 
mechanical device. The unit is newton-sec/m!5, or the mks acoustic ohm.? (In the 
cgs system the unit is dyne-sec/cm®, or acoustic ohm.) 


Za = P newton-sec /m® (mks acoustic ohms) 


Acoustic Mass (Inertance). The acoustic mass is the quantity which, when multi- 
plied by 27 times the frequency, gives the acoustic reactance associated with the 
kinetic energy of the medium (units gm/cm/‘ or kg/m‘). 


1 ‘Complex ratio’? has the same meaning as the complex ratio of voltage and current 


in electric-circuit theory. 
2 This notation is taken from Table 12.1 of American Standard Z24.1-1951. 
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Acoustic Ohm. The acoustic ohm is the magnitude of an acoustic resistance, 
reactance, or impedance for which a sound pressure of one microbar produces a volume 
velocity of one cubic centimeter per second (dyne-sec/cm®). When expressed in 
newton-sec/m5, it is called the mks acoustic ohm. | 

Acoustic Phase Constant. The acoustic phase constant is the imaginary part of the 
acoustic propagation constant. The'commonly used unit is the radian per section 
or per unit distance. | 


Note: In the case of a symmetrical structure, the imaginary parts of both the transfer 
constant and the acoustic propagation constant are identical, and have been called the 
““wavelength constant.”’ 


Acoustic Propagation Constant. The acoustic propagation constant of a uniform 
system or of a section of a system of recurrent structures is the natural logarithm of 
the complex ratio of the steady-state particle velocities, volume velocities, or pressures 
at two points separated by unit distance in the uniform system (assumed to be of 
infinite length), or at two successive corresponding points in the system of recurrent 
structures (assumed to be of infinite length). The ratio is determined by dividing the 
value at the point nearer the transmitting end by the corresponding value at the more 
remote point. 

Acoustic Resistance. Acoustic resistance is the real component of the acoustic 
impedance. The cgs unit is the acoustic ohm. The mks unit is the specific acoustic 
ohm. 

Acoustic, Specific Acoustic, and Mechanical Reactance. The acoustic reactance, 
_ the specific acoustic reactance, and the mechanical reactance are, respectively, 
the imaginary parts of the acoustic impedance, the specific acoustic impedance, and the 
mechanical impedance. The units are the same, respectively, as for the real, i.e., the 
resistive parts. 

Characteristic Impedance. The characteristic impedance is the ratio of the effective 
sound pressure at a given point to the effective particle velocity at that point in a free, 
plane, progressive sound wave. It is equal to the product of the density of the medium 
times the speed of sound in the medium. It is analogous to the characteristic imped- 
ance of an infinitely long, dissipationless transmission line. The unit is the mks rayl, 
or newton-sec/m’. (In the cgs system, the unit is the rayl, or dyne-sec/cm?.) - 

Insertion Loss. The insertion loss resulting from the insertion of a transducer in a 
transmission system is the ratio of the power delivered to that part of the system 
which will follow the transducer, before insertion of the transducer, to the power 
delivered to that same part of the system after insertion of the transducer. 


Note 1: If the input power, the output power, or both consist of more than one com- 
ponent, the particular components used must be specified. 
Note 2: This ratio is usually expressed in decibels. 


Mechanical Compliance. The mechanical compliance of a springlike device is equal 
to the magnitude of the ratio of the displacement of the device to the force that pro- 
duced the displacement (units cm/dyne or m/newton). 

Mechanical Impedance. The mechanical impedance is the complex ratio of the 
effective force acting on a specified area of an acoustic medium or mechanical device 
to the resulting effective linear velocity through or of that area, respectively. The 
unit is the newton-sec/m, or the mks mechanical ohm. (In the cgs system the unit 
is the dyne-sec/em, or the mechanical ohm.) That is, Zw = f/uw newton-sec/m 
(mks mechanical ohms). 

Mechanical Ohm. 'The mechanical ohm is the magnitude of a mechanical resistance, 
reactance, or impedance for which a force of one dyne produces a linear velocity of one 
centimeter per second (dyne-sec/cm). When expressed in newton-sec/m, it is called 
the mks mechanical ohm. | 
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Mechanical Resistance. Mechanical resistance is the real part of the mechanical 
impedance. The cgs unit is the mechanical ohm. The mks unit is the mks mechani- 
cal ohm. 

Natural Frequency. A natural frequency of a body or system is a frequency of free 
oscillation. 

Normal Mode of Vibration. A normal mode of vibration is a characteristic distribu- 
tion of vibration amplitudes among the parts of the system, each part of which is 
vibrating freely at the same frequency. Complex free vibrations are combinations 
of these simple vibration forms. | 

Rayl.1 The rayl is the magnitude of a specific acoustic resistance, reactance, or 
impedance for which a sound pressure of one microbar produces a linear velocity of 
one centimeter per second (dyne-sec/cm’). When expressed in newton-sec /m3 it is 
called the mks ray]l. 

Resonance Frequency. A resonance frequency is a frequency at which resonance 
exists. The commonly used unit is the cycle per second. 


Note: In cases where there is a possibility of confusion, it is necessary to specify the 
type of resonance frequency, e.g., displacement resonance frequency or velocity resonance 
frequency. 


Specific Acoustic Compliance. The specific acoustic compliance of a springlike 
device or an enclosed volume of gas is equal to the magnitude of the ratio of the dis- 
placement of the device or of a piston forming one side of the volume to the pressure 
that produced the displacement (units cm*/dyne or m? /newton). 

Specific Acoustic Impedance. The specific acoustic impedance is the complex ratio 
of the effective sound pressure at a point of an acoustic medium or mechanical device 
to the effective particle velocity at that point. The unit is newton-sec/m*, or the mks 
rayl. (In the cgs system the unit is dyne-sec/cm’, or the rayl.) That is, Z, = p/u 
newton-sec/m? (mks rayls). 

Specific Acoustic Mass. The specific acoustic mass is the quantity which when 
multiplied by 2 times the frequency gives the specific acoustic reactance associated 
with the kinetic energy of the medium (units gm/cm? or kg/m”). 

Transmission Loss. In communication, transmission loss (frequently abbreviated 
‘‘loss’’) is a general term used to denote a decrease in power in transmission from one 
point to another. Transmission loss is usually expressed in decibels. 


8a-8. Transmission Systems and Components 


Acoustical Reciprocity Theorem. In an acoustic system comprising a fluid medium 
having bounding surfaces Si, Sz, Ss, . . . , and subject to no impressed body forces, 
if two distributions of normal velocities v, and v, of the bounding surfaces produce 
pressure fields p’ and p’’, respectively, throughout the region, then the surface integral 


of (pv, — p v,') over all the bounding surfaces Si, Se, S3, ... , vanishes. 


Note: If the region contains only one simple source, the theorem reduces to the form 
ascribed to Helmholtz, viz., in a region as described, a simple source at A produces the 
same sound pressure at another point B as would have been produced at A had the source 
been located at B. 


Directivity Factor. (1) The directivity factor on a particular axis of a sound source 
is the ratio of the sound intensity at a point in the far field on the designated axis to the 
sound intensity that would be produced at that same point by a spherical source 
radiating the same total acoustic power. The frequency or the frequency band must 
be stated. (2) The directivity factor on a particular axis of a sound receptor (trans- 
ducer, ear trumpet, etc.) is the ratio of the energy per second produced in the receptor 


1 Named in honor of Lord Rayleigh. 
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in response to a plane sound wave arriving along the designated axis to the energy per 
second that would be produced if plane sound waves having the same mean-square 
sound pressure were arriving simultaneously from all directions with random phase. 
The frequency or frequency band must be specified. 

Directivity Index (Directional Gain). The directivity index of a transducer is an 
expression of the directivity factor in decibels, viz., 10 times the logarithm to the base 
10 of the directivity factor. : 

Effective Acoustic Center. The effective acoustic center of an acoustic generator is 
the point from which the spherically divergent sound waves, observable at remote 
points, appear to diverge. | 

Effective Bandwidth. The effective bandwidth may be expressed ethomavically 
as follows: 


Pifective bandwidth’ = i "Gd 


where f is the frequency in cycles per second and G is the ratio of the power trans- 
mission at the frequency f, to the transmission at the frequency of maximum 
transmission. 

Electroacoustical Reciprocity Theorem. For an electroacoustic transducer satisfying 
the reciprocity principle, the quotient of the magnitude of the ratio of the open-circuit 
voltage at the output terminals (or the short-circuit output current) of the transducer, 
when used as a sound receiver, to the free-field sound pressure referred to an arbitrarily 
selected reference point on or near the transducer, divided by the magnitude of the 
ratio of the sound pressure apparent at a distance d from the reference point to the 
current flowing at the transducer input terminals (or the voltage applied at the input 
terminals), when used as a sound emitter, is a constant, called the “reciprocity con- 
stant,’’ independent of the type or constructional details of the transducer. 


Note: The reciprocity constant is given by 
oe a nee eager 
So Ss pf 
where Mo = free-field voltage response as a sound receiver, in open-circuit volts per 
microbar, referred to the arbitrary reference point on or near the transducer 
M, = free-field current response in short-circuit amperes per microbar, referred to 
the arbitrary reference point on or near the transducer 
So = sound pressure produced at a distance d cm from the arbitrary reference 
point in microbars per ampere of input current 
= sound pressure produced at a distance d cm from the arbitrary reference point 
in microbars per volt applied at the input terminals 
f = frequency in cycles per second 
p = density of the medium in grams per cubic centimeter 
d = distance in centimeters from the arbitrary reference point on or near the 
transducer to the point at which the sound pressure established by the trans- 
ducer when emitting is evaluated 


2d 


& 
| 


Principal Axis. The principal axis of a transducer used for sound emission or 
reception is a reference direction for angular coordinates used in describing the direc- 
tional characteristics of the transducer. It is usually an axis of structural symmetry, 
or the direction of maximum response; but if these do not coincide, the reference 
direction must be described explicitly. 

Relative Response. The relative response is the ratio, usually expressed in decibels, 
of the response under some particular conditions to the response under reference 
conditions, which should be stated explicitly. 

Response. The response of a device or system is a quantitative expression of the 
output as a function of the input under conditions which must be explicitly stated. 
The response characteristic, often presented graphically, gives the response as a func- 
tion of some independent variable such as frequency or direction. 
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3a-4. Ultrasonics 


Supersonics. Supersonics is the general subject covering phenomena associated 
with speed higher than the speed of sound (as in case of aircraft and projectiles 
traveling faster than sound). 


Note: This term has been used in acoustics synonymously with ‘‘ultrasonics.’’ Such 
usage is now deprecated. 


Ultrasonics. Ultrasonics is the general subject of sound in the frequency range 
above about 15 kilocycles per second. 

Ultrasonic Detector. An ultrasonic detector is a device for the detection and 
measurement of ultrasonic waves. 


Note: Such devices may be mechanical, electrical, thermal, or optical in nature. 


Ultrasonic Generator. An ultrasonic generator is a device for the production of 
sound waves of ultrasonic frequency. 


3a-5. Hearing and Speech 


Articulation (Per Cent Articulation) and Intelligibility (Per Cent Intelligibility). 
Per cent articulation or per cent intelligibility of a communication system is the per- 
centage of the speech units spoken by a talker or talkers that is understood correctly 
by a listener or listeners. 

The word “articulation” is customarily used when the contextual relations among 
the units of the speech material are thought to play an unimportant role; the word 
‘intelligibility’ is customarily used when the context is thought to play an important 
role in determining the listener’s perception. 


Note 1: It is important to specify the type of speech material and the units into which 
it is analyzed for the purpose of computing the percentage. The units may be fundamental 
speech sounds, syllables, words, sentences, etc. 

Note 2: The per cent articulation or per cent intelligibility is a property of the entire 
communication system: talker, transmission equipment or medium, and listener. Even 
when attention is focused upon one component of the system (e.g., a talker, a radio receiver), 
the other components of the system should be specified. 


Audiogram (Threshold Audiogram). An audiogram is a graph showing hearing 
loss, per cent hearing loss, or per cent hearing as a function of frequency. 

Aural Harmonic. An aural harmonic is a harmonic generated in the auditory 
mechanism. 

Average Speech Power. The average speech power for any given time interval is the 
average value of the instantaneous speech power over that interval. 

Difference Limen (Differential Threshold) (Just-noticeable Difference). A differ- 
ence limen is the increment in a stimulus which is just noticed in a specified fraction 
of the trials. The relative difference limen is the ratio of the difference limen to the 
absolute magnitude of the stimulus to which it is related. 

Discrete Word (or Discrete Sentence) Intelligibility. Discrete word intelligibility 1s - 
the per cent intelligibility obtained when the speech units considered are words (or 
sentences). | 

Electrophonic Effect. Electrophonic effect is the sensation of hearing produced 
when an alternating current of suitable frequency and magnitude from an external 
source is passed through an animal. 

Hearing Loss (Deafness). The hearing loss of an ear at a specified frequency is the 
ratio, expressed in decibels, of the threshold of audibility for that ear to the normal 


threshold. 
1 See also American Standard Specification for Audiometers for General Diagnostic 
Purposes, Z24.5-1951, or the latest revision thereof approved by the ASA. 
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Hearing Loss for Speech. Wearing loss for speech is the difference in decibels 
between the speech levels at which the average normal ear and the defective ear, 
respectively, reach the same intelligibility, often arbitrarily set at 50 per cent. 

Instantaneous Speech Power. The instantaneous speech power is the rate at which 
sound energy is being radiated by a speech source at any given instant. 

Loudness. Loudness is the intensive attribute of an auditory sensation, in terms 
of which sounds may be ordered on a scale extending from soft to loud. 


Note: Loudness depends primarily upon the sound pressure of the stimulus, but it also 
depends upon the frequency and waveform of the stimulus. 


Loudness Contours. Loudness contours are curves which show the related values 
of sound pressure level and frequency required to produce a given loudness sensation 
for the typical listener. 

Loudness Level. The loudness level, in phons, of a sound is numerically equal to the 
sound pressure level in decibels, relative to 0.0002 ub, of a simple tone of frequency 
1,000 cps which is judged by the listeners to be equivalent in loudness. 

Masking. Masking is the amount by which the threshold of audibility of a sound 
is raised by the presence of another (masking) sound. The unit customarily used is 
the decibel. 

Masking Audiogram. A masking audiogram is a graphical presentation of the 
masking due to a stated noise. This is plotted, in decibels, as a function of the fre- 
quency of the masked tone. 

Mel. The mel is a unit of pitch. By definition, a simple tone of frequency, 1,000 
cps, 40 db above a listener’s threshold, produces a pitch of 1,000 mels. The pitch of 
any sound that is judged by the listener to be n times that of a 1-mel tone is n mels. 

Peak Speech Power. The peak speech power is the maximum value of the instan- 
taneous speech power within the time interval considered. 

Per Cent Hearing. The per cent hearing at any given frequency is 100 minus the 
per cent hearing loss at that frequency. 

Per Cent Hearing Loss (Per Cent Deafness). The per cent hearing loss at a given 
frequency is 100 times the ratio of the hearing loss in decibels to the number of decibels 
between the normal threshold levels of audibility and feeling. 


Note 1: A weighted mean of the per cent hearing losses at specified frequencies is often 
used as a single measure of the loss of hearing. 

Note 2: The American Medical Association has defined percentage loss of hearing for 
medicolegal use.! 


Phon. The phon is the unit of loudness level. (See definition for Loudness Level.) 
Pitch. Pitch is that attribute of auditory sensation in terms of which sounds may 
be ordered on a scale extending from low to high, such as a musical scale. 


Note 1: Pitch depends primarily upon the frequency of the sound stimulus, but it also 
depends upon the sound pressure and waveform of the stimulus. 

Note 2: The pitch of a sound may be described by the frequency of that simple foie: 
having a specified sound pressure or loudness level, which seems to the average normal ear 
to produce the same pitch. 


Sone. The sone is a unit of loudness. By definition, a simple tone of frequency 
1,000 cps, 40 db above a listener’s threshold, produces a loudness of 1 sone. The loud- 
ness of any sound that is judged by the listener to be n times that of the 1-sone tone is 
nm sones. 

Syllable (or Sound, or Vowel, or Consonant) Articulation.2, Syllable (or sound or 


1See J. Am. Med. Assoc. 133, 396, 397 (Feb. 8, 1947). 
2 See notes above under Articulation and Intelligibility. 
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vowel or consonant) articulation is the per cent articulation obtained when the speech 
units considered are syllables (or fundamental sounds, or vowels, or consonants). 

Threshold of Audibility (Threshold of Detectability). The threshold of audibility 
for a specified signal is the minimum effective sound pressure of the signal that is 
capable of evoking an auditory sensation in a specified fraction of the trials. The 
characteristics of the signal, the manner in which it is presented to the listener, and the 
point at which the sound pressure is measured must be specified. The threshold is 
usually expressed in decibels relative to 0.0002 ub. 

Threshold of Feeling (or Discomfort, Tickle, or Pain). The threshold of feeling (or 
discomfort, tickle, or pain) for a specified signal is the minimum effective sound pres- 
sure of that signal which, jn a specified fraction of the trials, will stimulate the ear to a 
pbint such that there is the sensation of feeling (or discomfort, tickle, or pain). This 
threshold is customarily expressed in decibels relative to 0.0002 ub. 


3a-6. Music 


Cent. <A cent is the interval between two sounds whose basic frequency ratio is the 
twelve-hundredth root of 2. 


Note: The interval, in cents, between any two frequencies is 1,200 times the logarithm 
to the base 2 of the frequency ratio. Thus, 1,200cents = 12 equally tempered semitones = 
1 octave. . 


Complex Tone. (1) A complex tone is a sound wave produced by the combination 
of simple sinusoidal components of different frequencies. (2) A complex tone is a 
sound sensation characterized by more than one pitch. 

Equally Tempered Scale. An equally tempered scale is a series of notes selected 
from a division of the octave (usually into 12 equal intervals, see Table 3a-1). 


TABLE 3a-1. EQuatty TEMPERED INTERVALS 


Name of interval PReauency Cents 
ratio 
Unison......... Me er arcane acai aes ce 1:1 0 
Minor second or semitone............ 1.059463: 1 100 
Major second or whole tone.......... 1.122462:1 200 
Minor third 2...<.sencucd, «kerbs oe eases 1.189207: 1 300 
MiajOr anit cut otaUon tt oes Bake be 1.259921:1 400 
Perfect fourth..co kines tew seeds oes 1.334840: 1 500 
Augmented fourth; diminished fifth...| 1.414214:1 600 
Periect filth.ccs-24 4a ahs oe cee hese oer 1.498307: 1 700 
WHMOr Sixthioe. ide. ce he Soe Brae | 1.587401:1 800 
WER OR SUK Ob ig nail one Soe rae eee (1.681793:1 900 
Minor seventh..............----008- ~1.781797:1 1,000 
Major seventh.........:...... gk bbe 1.887749:1 1,100 
1 


OMEN Ges. bist Se hen Stan yeoe he 2: 1,200 


Fundamental Tone. (1) The funamental tone is the component in a periodic wave 
corresponding to the fundamental frequency. (2) The fundamental tone is the com- 
ponent tone of lowest pitch in a complex tone. 

Harmonic. A harmonic is a partial whose frequency is an integral multiple of the 
fundamental frequency. 


Note: The above definition is in musical terms (for the definition in physical terms, see 
Sound). 
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Harmonic Series of Sounds. A harmonic series of sounds is one in which each basic 
frequency in the series is an integral multiple of a fundamental frequency. 

Interval. The interval between two sounds is their spacing in pitch or frequency, 
whichever is indicated by the context. The frequency interval is expressed by the 
ratio of the frequencies or by a logarithm of this ratio. 

Octave. An octave is the interval between two sounds having a basic frequency 
ratio of 2. By extension, the octave is the interval between any two frequencies 
having the ratio 2:1. 


Note: The interval, in octaves, between any two frequencies is the logarithm to the 
base 2 (or 3.322 times the logarithm to the base 10) of the frequency ratio. 


Overtone. (1) An overtone is a physical component of a complex sound having a 
frequency higher than that of the basic frequency (see Partial below). (2) An over- 
tone is a component of a complex tone having a pitch higher than that of the funda- 
mental pitch. 


Note: The term ‘‘overtone’”’ has frequently been used in place of ‘“‘harmonic,’”’ the nth 
harmonic being called the (n-1)st overtone. There is, however, ambiguity sometimes 
in the numbering of components of a complex sound when the word overtone is employed. 
Moreover, the word “‘tone”’ has many different meanings, so that it i 1S preferable to employ 
terms which do not involve ‘‘tone’’ wherever possible. 


Partial. A partial is a physical component of a sound sensation which may be 
distinguished as a simple tone that cannot be further analyzed by the ear and which 
contributes to the character of the complex sound. 


Note 1: The frequency of a partial may be either higher or lower than the basic fre- 
quency and may or may not be an integral multiple or submultiple of the basic frequency 
(for definition of basic frequency see Basic Frequency). If the frequency is not a multiple 
or submultiple, the partial is inharmonic. 

Note 2: When a system is maintained in steady forced vibration at a basic frequency 
equal to one of the frequencies of the normal modes of vibration of the system, the partials 
in the resulting complex tone are not necessarily identical in frequency with those of the 
other normal modes of vibration. ; 


Scale. A musical scale is a series of notes (symbols, sensations, or stimuli) arranged 
from low to high by a specified scheme of intervals, suitable for musical purposes. 

Semitone (Half Step). A semitone is the interval between two sounds whose basic 
frequency ratio is approximately equal to the twelfth root of 2. 


Note: The interval, in equally tempered semitones, between any two frequencies, is 
12 times the logarithm to the base 2 (or 39.86 times the logarithm to the base 10) of the 
frequency ratio. 


Simple Tone (Pure Tone). (1) A simple tone is a sound wave, the instantaneous 
sound pressure of which is a simple sinusoidal function of the time. (2) A simple 
tone is a sound sensation characterized by its singleness of pitch. 

Standard Pitch. The standard pitch 1 is based on the tone A of 440 eps (see Table 
3a-2). 


Note 1: With this standard the frequency of middle C is 261.626 cps (see Table 3a-2). 
Note 2: Musical instruments are to be capable of complying with this standard when 
played where the ambient temperature is 22°C (72°F). 


Tone. (1) A tone is a sound wave capable of exciting an auditory sensation having 
pitch. (2) A tone is a sound sensation having pitch. 

Whole Tone (Whole Step). A whole tone is the interval between two sounds whose 
basic frequency ratio is approximately equal to the sixth root of 2. 
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3a-7. Architectural Acoustics 


Anechoic Chamber. An anechoic chamber is a bounded space in which reflected 
waves are sufficiently weak as to be negligible in the region of interest; more literally, 
echo-free space. 

Attenuation Constant. See Acoustic Attenuation Constant in Sec. 3a-2. 

Dead Room. A dead room is a room that subjectively sounds nonreverberant. It 
is commonly a room having an unusually large amount of sound absorption. | 

Decay Constant. The decay constant is the exponential power by which sound 
decays after the source is stopped (units sec~!). 


Note: If po is the effective sound pressure at t = 0, p(t) is the effective sound pressure 
at time ¢, and the two are related by 


p(t) = poe* 
then k is the decay constant. 
Direct Sound Wave. A direct sound wave in an enclosure is a wave emitted from a 
source prior to the time it has undergone its first reflection from a boundary of the 
enclosure. - 


Note: Frequently, a sound wave is said to be direct if it contains reflections that have 
occurred from surfaces within about 0.05 sec after the sound was first emitted. 


Live Room. A live room is a room that subjectively sounds reverberant. It is 
commonly a room having an unusually small amount of sound absorption. 

Mean Free Path. The mean free path for sound waves in an enclosure is the average 
distance sound travels between successive reflections in the enclosure. 

Noise Reduction. In architectural acoustics, noise reduction generally is the 
difference between the effective sound pressure levels (in decibels) between the noise 
fields on opposite sides of a noise-reducing panel, with all sources of sound being on one 
side of the panel. 

Reverberant Sound. Reverberant sound is that part of the sound in an enclosure 
that has undergone one or more reflections from the boundaries of the enclosure. 

Reverberation Chamber. A reverberation chamber is an enclosure in which all the 
surfaces have been made as sound-reflective as possible. Reverberation chambers are 
used for certain acoustical measurements. , 7 | 

Room Constant. The room constant is given by the formula 


Sa 


l—«@ 


R= 


where @ is the average sound-absorption coefficient and S is the total area of the 
boundaries of the room. 

Sabin (Square Foot Unit of Absorption). A sabin is a measure of the sound 
absorption of a surface. It is the equivalent of 1 square foot of a perfectly absorptive 
surface. | 

Sound (Energy) Absorption Coefficient. (1) Ata particular angle of wave incident, 
the sound-absorption coefficient is the ratio of the sound energy absorbed by the sur- 
face to the energy in the plane wave incident upon it. (2) For random wave inci- 
dence, the sound-absorption coefficient is the ratio of the sound energy absorbed by 
the surface to the energy incident upon it from a sound field in which sound waves are 
striking the surface equally from all angles of incidence. (3) The average sound- 
absorption coefficient for a room is the weighted average of the random-incidence 
absorption coefficients computed from the formula 


ne _ Sie + Sear + S3sa3 + pee + Sran 
Si+ 82+83+-+- +S8n 
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where Si, Se, S3, . . . are areas of particular surfaces in the room; a1, a2, a3, .. . 
are the random-incidence absorption coefficients associated, respectively, with those 
areas; and @ is the average sound-absorption coefficient for the room. 

Transmission Loss. In architectural acoustics, transmission loss for a wall or panel 
is 10 times the logarithm to the base 10 of the ratio of the sound energy incident upon 
the wall or panel to the sound energy transmitted through it. The transmission loss 
is generally measured under conditions of randomly incident sound waves. The unit 
is the decibel. : 


3b. Letter Symbols and Conversion Factors for 
; | Acoustical Quantities 


LEO L. BERANEK 


Bolt Beranek and Newman, Inc. 


T absolute temperature, degrees Kelvin 
a absorption, energy, acoustic, total in a room 
a absorption coefficient, energy | 
& absorption coefficient, energy, average 
Ya acoustic admittance 

Ca acoustic compliance 

Ga acoustic conductance 

LA acoustic excitability 

YA acoustic immobility 

ZA acoustic impedance (complex) 

Ma 7 acoustic mass (inertance) 

ZA acoustic mobility 

Wa, Pa acoustic power 

XA acoustic reactance 

Ra acoustic resistance 

TA | acoustic responsiveness 

Ba acoustic susceptance 

ba acoustic unexcitability 

JA . acoustic unresponsiveness 

Ya | admittance, acoustic 

Yr, Y admittance, electric 

Yu admittance, mechanical 

Yr admittance, rotational 

Ys admittance, specific acoustic 

A, ® . amplitude of velocity potential 

Q angle, solid | 

@ angular displacement 

re) angular velocity (2zf) 
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Cu 

Cr 

E,, 65 Ex, &y, & 
U, V, Wj Ur, Uy, Uz 
8s 

Ga 

Guz, G 


Zn, Z 
Pz, Wr, P, W 
pane. 4 
Rz, R 


p 
Bz, B 


antiresonant frequency : - : f< 
area (diaphragm, tube, room, or ean 
atmospheric pressure 7 
attenuation constant 

average absorption coefiicient, y ONEEBY 


capacitance, electrical 
characteristic impedance 
charge, electric 

coefficient of absorption 
compliance, acoustic 
compliance, specific acoustic - 
compliance, mechanical — 
compliance, rotational 


components of the particle aisnincementn in the x, y, z dieotone 


components of the particle velocity in 2, y,.z directions 


condensation 

conductance, acoustic 
conductance, electric 
conductance, mechanical 
conductance, rotational — 
conductance, specific acoustic 
conductivity, thermal 
current, electric 


current, volume (volume per second) (volume velocity) 


decay constant 

density, energy 

density of the medium (instantaneous) 
density of the medium (static) — 
dielectric coefficient 

dilatation 

directivity index 

directivity ratio 

displacement, angular 
displacement, linear 
displacement, particle 
displacement, volume 
distance from source 

distance, linear 


elasticity, shear 


~ electric admittance 


electric capacitance 

electric charge _ 

electric conductance 

electric current 

electric impedance icopiens 
electric power 

electric reactance 

electric resistance 

electric resistivity 

electric susceptance 
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electromotive force, voltage 
energy 

energy density 

energy, kinetic 

energy potential 
excitability, acoustic 
excitability, mechanical 
excitability, rotational 
excitability, specific acoustic 


field strength, magnetic 
flare coefficient in a horn 
flux density, magnetic 
flux, magnetic 

force 

frequency 


immobility, acoustic 

immobility, mechanical 
immobility, rotational 
immobility, specific acoustic 
impedance, acoustic (complex) 
impedance, characteristic 
impedance, electric (complex) 
impedance, mechanical (complex) 
impedance, rotational (complex) 
impedance, specific acoustic (complex) 
index of refraction 

inductance 

inertance, acoustic mass : 
inertia, moment of 


- intensity 


intensity level, decibels 


kinematic viscosity | 
kinetic energy (inductive energy) 


leakage coefficient, magnetic 

length of a vibrating string, pipe, or rod 
level in decibels, general 

linear displacement 

linear distance 

loudness, sones 

loudness level, decibels or phons 


magnetic field strength 
magnetic flux 

magnetic flux density 
magnetic leakage coefficient 
magnetomotive force 
magnetostriction constant 
mass 

mass, acoustic 

mass, specific acoustic 
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En, [3 &2, &y, & 
Ua 

Us VU, Wy; Un, Uy, Uz 
Us 

Um 


6, ?, y 

B 

iin Qiiy Us; 
Co 


Y,P 


Wa, Pa 

We, Pz, P, E 
Wu, Pu 

We, Pr 

Po, po — 

Pa 

Pp 

Pi 


1 For definitions of ‘‘peak’’ and ‘‘maximum”’ 
minology (ASA Z24.1-1951). 


mechanical admittance 
mechanical compliance 
mechanical conductance 
mechanical excitability 
mechanical immobility 
mechanical impedance (complex) 
mechanical mobility 

mechanical power 

mechanical reactance 
mechanical resistance 


mechanical responsiveness 


mechanical susceptance 
mechanical unexcitability 
mechanical unresponsiveness 
mobility, acoustic 

mobility, mechanical 
mobility, rotational 
mobility, specific acoustic 
modulus of elasticity 
moment of inertia 


noise reduction, decibels 
number of turns 


particle displacement 


particle-displacement components in the z, y, z directions 


particle velocity (average) 


particle-velocity components in the z, y, z directions 


particle velocity (instantaneous) 
particle velocity (maximum)! 
particle velocity (peak)! 
particle velocity (rms) 
perimeter 

period T = 1/f 

phase angle 

phase constant 

piezoelectric constants 

Poisson’s ratio 

porosity (of an acoustical material) 
potential energy (capacitive energy) 
potential, velocity 

potential, velocity, amplitude 
power 

power, acoustic 

power, electric 

power, mechanical 

power, rotational 

pressure, atmospheric 

pressure, sound (average) 
pressure, sound (rms) 

pressure, sound (instantaneous) 
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Wr, Pr 


PM 
Pp 
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pressure, sound (maximum)! _ 
pressure, sound (peak)! 
propagation constant 


radius of a diaphragm, tube, or radiator 
ratio of mass (or inductive) reactance to resistance 
ratio of specific heats 
reactance, acoustic 

reactance, electric 

reactance, mechanical 
reactance, rotational : 
reactance, specific acoustic 
refraction, index of 

relaxation time 

reluctance 

resistance, acoustic 

resistance, electric 

resistance, mechanical 
resistance, rotational 
resistance, specific acoustic 
resistivity, electrical 
|responsiveness, acoustic 
|responsiveness, mechanical 
responsiveness, rotational 
responsiveness, specific acoustic 
reverberation time 

room constant &S/(1 — &) 
rotational admittance 
rotational compliance 
rotational conductance 
rotational excitability 
rotational immobility 
rotational impedance (complex) 
rotational. mobility 

rotational power 

rotational reactance 

rotational resistance 

rotational responsiveness 
rotational susceptance 
rotational unexcitability 
rotational unresponsiveness 


sensation level, decibels 

shear elasticity 

simple source strength 

solid angle 

sound power level, decibels 
sound pressure (average) 
sound pressure (instantaneous) 
sound pressure (maximum)+ 
sound pressure (peak)? 


1 For definitions of ‘‘peak’’ and ‘‘maximum”’ see American Standard Acoustical Ter- 
minology (ASA Z24.1-1951). 
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sound pressure (rms) 

sound pressure level, decibels 
source, simple, strength of 
source, distance from 

specific acoustic admittance 
specific acoustic compliance 
specific acoustic conductance 
specific acoustic excitability 
specific acoustic immobility 
specific acoustic mass 

specific acoustic mobility 
specific acoustic reactance 
specific acoustic resistance 
specific acoustic responsiveness 
specific acoustic susceptance 
specific acoustic unexcitability 
specific acoustic unresponsiveness 
specific heats, ratio of 

speed of sound 

stiffness 

strength of a simple source 
susceptance, acoustic 
susceptance, electric 
susceptance, mechanical 
susceptance, rotational 
susceptance, specific acoustic 
system-rating constant 


temperature, absolute, degrees Kelvin 
tension (force) in a membrane or string 
thermal conductivity 

thickness 

time 

time, relaxation 

time, reverberation 

torque 

total acoustical (energy) absorption in a room 
transmission coefficient, energy, barriers 
transmission loss of building structures, decibels 
turns, number of 


unexcitability, acoustic 
unexcitability, mechanical 
unexcitability, rotational 
unexcitability, specific acoustic 
unresponsiveness, acoustic 
unresponsiveness, mechanical 
unresponsiveness, rotational 
unresponsiveness, specific acoustic 


_ velocity 


velocity, angular (27zf) 
velocity of sound 
velocity, particle (average) 


3-23 


pannel thie ha i 


ACOUSTICS 


Us velocity, particle (instantaneous) 
velocity, particle (maximum)! 
velocity, particle (peak)! 
velocity, particle (rms) 

velocity potential 

velocity potential amplitude 
velocity, volume 

viscosity, dissipative or frictional 
viscosity, kinematic 

voltage, electromotive force 
volume 

volume current; volume velocity 
volume displacement 

volume velocity; volume current 


sd 


amas &* 2 Gpe & 
® 


N- wavelength 

k wave number, — 2af = an 
Cc Cc r 

w width 

Y,E Young’s modulus 


TABLE 3b-1. ConNvVERSION Factors FOR ACOUSTICAL QUANTITIES 


RE 


Multiply the B To obtain the Conversely 
number of y number of multiply by 

Acoustic ohms.......... 105 Mks acoustic ohms 10-5 
Atmospheres............ 406.80 Inches of water at 4°C 2.458 X 1073 
Centimeters............. 10-2 Meters 10? 
Cubic centimeters....... s}, LOPe Cubic meters 108 
DYNCSi.3.xe-n5. baa ey eee 1075 Newtons 105 
Dynes/cm?..... 1071 Newtons per square meter 10 
GPS aiciaeueda wats eae 107 Joules 107 
Ergs per second......... .| 107 Watts 107 
Ergs per second/cm?..... 10-3 Watts per square meter 10 
GAUSS? Jocidaetw dd wach se 10-4 Webers per square meter 104 
Kilograms.............. 108 Grams 10-3 
Mechanical ohms........ 107-3 Mks mechanical ohms 108 
Meters............+---- 102 Centimeters 10 
Microbars...............{ 107} Newtons per square meter 10 
Newtons................| 108 Dynes 10-5 
Newtons per square meter | 10 Dynes per square centimeter | 107! 
Pounds per square foot... 0.4882 | Grams per square centimeter | 2.0481 
Rays): conch cue ot ees 10 Mks rayls 107 
Watts per square meter..| 10~4 Watts per square centimeter | 10+ 
Webers per square centi- 

MCter.. 6s Mikael 10+ Gauss 10-4 


1 For definitions of ‘“‘peak’’ and ‘‘maximum’”’ see American Standard Acoustical Ter- 
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3c. Propagation of Sound in Fluids 


FREDERICK V. HUNT 


Harvard University 


3c-1. Glossary of Symbols! 


Q, a1; a; 


A; A; 


E, Ex, Er; Eaiss 
f, fo, fC), F(A) 
Af. 


F;, F 
g(h) 


k, ko 
K; Ks, Ko, Kr 


L 
M 


Ny 
N 
ee) 


material coordinate (31); surface element (12) 

surface (12), attenuation per wavelength (76), Avogadro’s number 
(95); first order vector potential 

coefficient relating Vp and Vp (58) 

speed of sound, reference speed (25); low- and high-frequency limit 
speeds (84) . 

speed of thermal wave (78) 

specific heats at constant pressure, constant volume (14) 

rate of deformation tensor (9) 

material differential operator (2) 

algebraic abbreviations (74) 

energy densities per unit mass (60), (12); degraded component of 
internal energy (66) 

frequency, sum of viscosity terms (62), “function of’ (45), special 
tabulated function (75) | | 

critical bandwidth (98) 

vector body force per unit mass (6) 

tabulated function (75) 

material mass coordinate (37), argument of tabulated function (75), 
Planck’s constant (89) © oe 

coordinate indexes (1) 

average sound-energy-flux density = sound intensity (64) 

designation of imaginary axis, [et+i#*] (69) 

sound-energy flux vector (54) 

phase constant = w/c = 2x/\, Boltzmann’s constant (89), ko = 
w/Co = 2r/do (47) 

elastic modulus = —V(DP/DYV) (25), material constant = c9/c 
(84); isentropic modulus, reference modulus, isothermal modulus 

mean free path (86), a sum of linear dimensions (90) 

peak particle-velocity Mach number = wo/co (49), molecular 
weight (95) 

total number of molecules per unit volume (95) 

number of modes of vibration (90) 

additive terms of indicated order of magnitude (76) 


1 Numbers indicate equation number in or near which quantity is defined. 
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3-26 
P; Pi, Po 
P, Po; are Pu 


P,, P2; © 


A 
q; 9%, g@ 


R, R; Ri, R.z 


8, $1 


S; 8’; Sirr 


t; ti; 

T 

U, U1, U1, U2, Us 
U1, Ue | 
v3 0 

UV 

V; Ves 

L1, La, L3 


xX; X’ 


Y 
2,2 


Q, AK, AC 
B; Boise, 


Y 
5; 6:3; A 
€ 


ny 1, NB. 


01, 92 

K 

3 Ao 

Vy v’, VB 


aes, 
Py PO; Ply P2 


Tr) Tv, Tk 


£2; Pn Pk 


3} Wy, Wk 


“,VxX 


d 


? 


~dq& SR 
dF 
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incremental, or sound, pressure; first- and second-order sound pres- 
sures (25) 

total pressure (7), equilibrium or reference pressure (25); mean pres- 
sure (7), thermodynamic pressure (14) 

rms fundamental and secony parmonie pressure (49a); Prandtl 
number (72) 

heat flux vector (12); Stokes radiation coefficient (216) 

exemplar of state or condition variable (39); superscript indicates 
function of spatial (BE) variables, or ‘material (L) variables (32b) 

vorticity = $V X u (11d), real part of complex impedance; first- and 
second-order components of vorticity (57) 

specific entropy per unit mass (14), first-order condensation = p1/po 
(59) 

Stokes number » = on / poco? (72), total interior surface (90) ; frequency 

ar = «/q (72); entropy generated irreversibly 

(15a) 

time (2); stress tensor (6) 

absolute temperature (12). 

particle velocity (1); velocity components 

first- and second-order components of particle velocity (25) 

specific volume = p™! (1); mean molecular velocity (86) 

viscosity number =2+7'/n (10) 

volume (1); residual stress tensor (7) 

cartesian coordinates (1) 

frequency number = wnV/poce? (72), specific acoustic reactance (69) ; 
frequency number for relaxation (84). 


thermoviscous number = K/0Cp (72) 


specific acoustic impedance ratio” (87), and impedance (69). 
attenuation constant (69); “Kirchhoff” and “‘classical”’ attenuation 
(79a,b) 


| coefficient of thermal expansion = plan /d T) P (22) ; spectrum level = 


10 logic d(p?/po®)/df (98) 
ratio of specific heats = C5/Cs (14) , 
finite increment (32); Kronecker delta (7) ; dilatation rate = V-° u (4) 
specific internal energy per unit mass (13) 


_ coefficient of shear viscosity (10), “‘second”’ or dilatational viscosity 


(10), bulk viscosity (10) 

first- and second-order variational components of temperature (25) 

thermal conductivity (21a). _ 

wavelength = c/f (47); \x = co/f 

kinematic viscosity coefficients (10) = n /p, ete. 

displacement of particle from equilibrium (31); partial derivative 
with respect to subscript variable (416) 

densities: total, equilibrium; first- and second-order . variational 
components 

relaxation times (83, 85) 

scalar velocity potential (55); viscous and thermal dissipation func- 
tions (16, 18) 

complex propagation constant = a + 4k (69) 

functional relation (71) | 

angular frequency = 2rf; relaxation angular frequencies (84) 

gradient, divergence, and curl operators 

time average 
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3c-2. The Motion of Viscous Fluids. The motions of a fluid medium that comprise 
sound waves are governed by equations that include (1) a continuity equation express- 
_ Ing the conservation of mass, (2) aforce equation expressing the conservation of momen- 

tum, (3) a heat-exchange equation expressing the conservation of energy, and (4) one 
or more defining equations expressing the constitutive relations that characterize the 
medium and its response to thermal or mechanical stress. These equations will first 
be presented in their complete exact form in order to provide a rigorous point of 
departure for the approximations that must ultimately be made in formulating the 
linearized, or small-signal, acoustic equations. 

The transformation properties of these equations can be indicated by writing them 
in either vectorial or tensorial form, and both forms will be exhibited in order to 
facilitate contacts with the rich literature dealing with the motion of fluids. 

Cartesian spatial coordinates will be designated 71, t2, 23, and the vector velocity of 
a material particle will be identified as u with components 1, U2, us. These will also 
be written as x; and wu, where it is implied that the subscript 7, j, or & takes on suc- 
cessively the values 1, 2, 3. The term “material particle’? denotes a finite mass 
element of the nied small enough for the values assumed by the state variables at 
every interior point of the particle not to differ significantly from the values they have 
at the interior reference point whose coordinates “locate” the particle. 

Equation of Continuity. The conservation of mass requires that pV = poVo, where 
po and V» are initial and p and V are subsequent values assumed by the density and 
volume of a particular material element of the medium. It follows that 

“SDV EV Ds 0. co ek Phe (3e-1) 

een | ~V re ee ea 

If poVo is set equal to 1, Vo becomes the specific volume, v = 1/p; whence the relation 
between the total logarithmic time derivatives of v and p is 

1 Dv 1Dp Diogo» _ _ Dlogp 


ame ee eee 


»Di  pDt Dt Dt 


* (8e-2) 


~ where D(_ )/Dé denotes the “material” derivative, i.e., one that follows the motion 
of a material | “particle” of the medium relative to a fixed spatial coordinate system, 
and is defined by a | | eee 


Ae ) 


eee x +a. grad( ) = 


‘Det . OX; 


Analysis of the rate of are of a volume So yields ‘Ke kinematical relation 


5p diva =A = _ | (30-4) 


where A is the dilatation rate. Note thats in the last terms of (3c-3) and (3c-4) sum- 
mation is implied over all the allowable values of the subscript index. Equations 
(3c-2), (3c-3), and (3c-4) can be combined to yield the following equivalent forms of 
Euler’s continuity equation: 


1A definitive restatement of the classical-continuum point of view, with critical com- 


ments on more than 800 bibliographical references, has been given by C. Truesdell, The 
Mechanical Foundations of Elasticity and Fluid Dynamics, J. Rational Mechanics and 
Analysis 1, 125-300 (January and- April, 1952), and Corrections and Additions ... , 
J. Rational Mechanics and Analysis 2, 593-616 (July, 1953). See also Lamb, ‘‘ Hydro- 
dynamics,” 6th ed., Dover Publications, New York, 1945; Rayleigh, ‘‘ Theory of Sound,” 
2d ed. rev., Dover Publications, New York, 1945; and L. Howarth, ed., ‘‘Modern Develop- 
ments in Fluid Dynamics, vol. I, chap. ITI, Oxford University Press, New York, 1953. 


uy (Be). 
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Dp Oui _ Op out = : = 
Dit’ an He ae py Te divu = 0 
_ 1 Dp _ Op ; . 
cant +s grad p + pdiv u 
_ OP ; ee : e 
= tu Ve + pV-u=-~, + V° (ou) (3c-5) 


In the last line of (3c-5), the Gibbs-Hamilton notation has been used for the differen- 
tial vector operators, V = grad; V* = div; V X = curl. 

Force Equation. The linear-momentum principle can be stated in terms of Cauchy’s 
first law of motion, 


(3c-6) 


where the vector F; is an extraneous body force per unit mass, and where ¢;; is a second- 
rank stress tensor that represents the net mechanical action of contiguous material on 
a volume element of the medium due to the actual forces of material continuity. For 
an isotropic medium in which the stress is a linear function of the rate of deformation, 
as here assumed, the stress tensor can be resolved arbitrarily as the sum of a scalar, or 
hydrostatic, pressure function P and a residual stress tensor Vi; defined by 


ti; = —Pé; + Via; bi; = ly (8c-7) 


where 4;; is the Kronecker delta which equals unity if 7 = j, but is zero otherwise: 
Unless Vi; vanishes, P is not identical with the mean pressure, P, = —it;;. The 
resolution given by (3c-7) is both unique and useful, however, if P is made equal to the 
thermodynamic pressure P,, defined below. Then the residual stress tensor is given, 
to a first approximation, by the linear terms of an expansion in powe of the WABCOEINY. 
coefficients; 


Viz = n'dundsz + 2ndi; Vip = Vi | (3c-8) 
in which d;; is the rate of deformation tensor defined by 
= Oui , OU; 
dsj 2 5 (Sz + + St) (3e-9) 


and where 7 is the ‘‘first,’’ or conventional Bhieay, viscosity coefficient. In accordance 
with current proposals for standardization, »’ replaces ), the symbol used by Stokes, 
Rayleigh, Lamb, et al., to designate the “second,”’ or dilatational, viscosity coefficient. 
The term “bulk”’ Wiseoeily is reserved for (A + $n) > (n’ + $n) , the linear combina- 
tion of coefficients that vanishes when the Stokes relation holds. arn; n = first, or 
shear, Vey 1’ = second, or dilatational, viscosity; nz = 7’ + $7 = bulk viscosity ; 
vy = n/p; v' = n'/o; »e = np/p (kinematic viscosities) ; 


+ 2u) 9 $29 =m tgn=a(5+™ = 1V (3c-10) 


U = : +12 2 oes = viscosity number 


Putting (8c-7), (3c-8), (3c-9) into (3c-6) yields the vector force equation in the 
following equivalent forms: 


a OUs oP On 
= — —— — 63; 2nd; ; 
+ pu; az; pF; Ox; + ax; (n’dundiz + 20 i) 
OP , , O*ux ) Ce ui) 
= pF’; ager dadn, + "On, ae; ser r 


-lla 
OX, OX; OX; OX; OX; OX; ee ) 
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p ae = pF — grad P + (n’ +») grad (div u) + nv?(u) 
+ (div u) grad 7’ + 2 (grad 7 - grad) u + grad » X curl u_ (3c-11b) 
= pF — p(u: V)u — VP + (n’ + 2n)V(V-u) — nV X (VY XU) 
(V+ W) Vn! +. 2(Vn° Vu + Vn X(V Xu) (Be-11c) 


The vorticity, defined by R = $ curl u = =(V Xu), and the dilatation rate, A = 
V-u, can be introduced as useful abbreviations. A somewhat more symmetrical 
expression in terms of the mass transport velocity pu is obtained if the last form of the 
continuity equation (3c-5) is multiplied by u and added to (3c-11c), giving 


d(pu) 
ot 


au 
P at 


+ u(V° pu) + (pus V)u = pF — VP + nVVA — 2nV X R + AV?’ | 
+ 2(Vn:V)u +27 XR (3c-11d) | 


These equations reduce to the so-called Navier-Stokes equations when it is assumed 
that 7 and 7’ are constant (V7 = V7’ = 0) and that the Stokes relation holds (4g = 0, 
© = $); and still further simplification follows if the motion is assumed irrotational 
so that R = 0. If the viscosity coefficients are to be regarded as functions of one 
or more of the state variables, however, the gradients of the m’s must be retained so 
that the implicit functional dependence can be introduced by writing, for example, 
Vn = (0n/OT)VT ++ --- 

Energy Relations and Equations of State. The conservation of energy requires that 
the following power equation be satisfied: 


D(Ey + En) _ a er ee . da; 
oo | a iL pFiusdV + i t;ju; da; i, qi da; (3c-12) 


where E;, is the kinetic energy associated with the material velocity, E; is the total 
internal energy, V is a volume bounded by the surface A, da; is the projection of a 
surface element of A on the plane normal to the +2; axis, F; is the extraneous body 
force (per unit mass), and q; is the total heat flux vector (mechanical units). After 
the surface ‘integrals are converted to volume integrals by using the divergence 
theorem, and with the help of (3c-6), this equation reduces to the Fourier—Kirch- 
hoff—C, Neumann! energy equation, 


De 00; 
Pay = bidizs — d 


(3c-13) 


where ¢ is the local value of the specific internal energy (per unit mass) defined through 
E; = ; y PE dV. Itis now postulated that the state of the fluid is completely specified 


by e and two other local state variables, which can be taken as the specific entropy s 
(per unit mass) and the specific volume v = p~!, in terms of which the thermodynamic 
pressure and temperature, and the specific heats can be defined by 


_ Oe _ {9 
(oe) Pus - (3) v= (5), 
ds ap {28 = & 
C= 7 (sn), c= T (SF) moos 5/8 
The second law of thermodynamics can be introduced in the form of an equality, 


which replaces the classical Clausius-Duhem inequality, through the expedient of 
accounting explicitly for the creation of entropy Sir, (per unit volume) by irreversible 


€ 


(3ce-14) 


1 See footnote, p. 3—27. 


3-30 7 ACOUSTICS | 


dissipative processes ;! thus 


ily ps dV =.— f 7 dai +4 ie i dV (30-152) 


This relation states that the increase of entropy ina material element is accounted for 
by the influx of heat and by the irreversible production of entropy within the element. 
The left-hand side of (8c-15a) can also be written, with the help of the continuity 


relation, as i - p(Ds/ Dt) dv. Then, after converting the surface integral to a volume 


integral, the second law can be given in differential form as: 


Ds _ 04 DSixr 
"Disa T T Di 
4 Log: , gi OT | DSi — 
— Pon, * Tix; 7 Dt ety) 
A thermal- auton function ¢; can be defined by 
Px Tr 7 Ox; ; (3c-16) 


whereupon multiplying (3c-15b) by T yields the second-law equality in 1 the form | 


Ds DSizr 
ef 5 = ee cae a Di 
Taking the material derivative of the basic equation of state (3c- 14,) (where the 
subscript added to an equation number indicates the serial number of the equality 
sign to which reference is made when several relations are grouped under one marginal 
identification number), introducing the definitions for P,, and 7, multiplying by p, and 
using (8c-4), gives 


(3c-15c) 


Ds 
Dt ° De Di 


The energy equation (8c-13) « can be reeset: using , (3e-7) and ‘(Be- ®) in “iia form | = 


pl — ae PuA ae De oe (30-17) 


> €4 PA +2 a Vas ae ne - (3c-18) 
in which V;;d;;, the dissipative component of the stress power ade is defined as the 
viscous dissipation function ¢,. The usefulness of specifying the arbitrary scalar 
in (3c-7) as the thermodynamic pressure, so that P'= Pi, becomes apparent when 
p De/ Dt is eliminated between (3e- 18) and (3c-17), giving 


= Ses _ 94% 
0D Hy = Pw — PIA + oy — 5 
ba ae Sod dln. oe — (Be-19) 


The viscous dissipation function (dissipated energy per unit volume) is thus seen to 

account for either an efflux of heat or an increase of entropy. Subtracting (3c-19) | 

from (8c-15c) then allows the rate of irreversible production of entropy to be evaluated 

directly in terms of the two dissipation functions, | 

DSirr eal | . 

> en + dx (8c-20) 
The total heat;flux vector q:, whose divergence is the energy transferred away from 

the volume element, must account for energy transport by either conduction or radi- 


1Tolman and Fine, Revs. Modern Phys. 20, 51-77 (1948). 


fi 
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ation. The part due to conduction is given by the Rouge relation, which serves also 
to define the heat eoneeee ay ou ma 


Goes = =e 5 
Aqi)oona _ _ (KOT /dxi) _ _ PT _ AT. au. | 
Or, _ - OLs ~ Oa? Oxy OX; (3d-214) 


The last term, containing the gradient of x, must be retained if implicit dependence of 
x on the state variables is to be represented. On the other hand, if « is assumed to be 
constant, (3c-21a) reduces to the more familiar form 


ss Geond = eer, 


The component of hens ae due to. radiation can be approximated, for small tem- 
perature differences, by Newton’s law of cooling, 


Vpn = pC.a(T — Tr) =V-qraa (8c-21b) 
where (7’ — 1») is the local temperature excess and q is a radiation coefficient intro- 
duced by Stokes.! The foregoing thermal relations can be combined with the equa- 
tions of continuity and momentum more readily if the term T(Ds/Dt) appearing in 
(3c-19) is expressed in terms of the variables u, v, and T. The defining equations 
(8c-14) establish that P = P(v,s) and T = T(v,s); from which it follows that one may 
also write s = s(7,v) or s = s(T7,P). Using both of the latter leads, after some 
manipulation,” to the identity 


Ds ais A , DT | — 
Fe = Cs | vy -D 34+ 77 | (30-22) 
in which 8 is the coefficient of thermal expansion, 8 = p(dv/dT)p. After (3c-22) and 
(3c-21) are combined with (3c-19), the energy equation can be written in the alternate 
forms . 


pel, 


cDt — lou 0a; 
e - ae ee ee 


B Oz: Oz; 


+ pC. 


oC» a ane vr) EN (Cy O) Ay (VT) + CAT — To) — $y =0 (8e-23) 
oT P (ye De. k ve VK on 
PF puwr 4 CSV q_* yep SEN 4 ger — 75) — = 0 


The viscous dissipation function ¢, can be evaluated, with the aid of (3c-8) and 
(3e-9) in the explicit form 


oy = Vid js = - Aundis + 2nd; ji | . 2, 
Our Oue\? , fdaus OU, OUe OUe2 OU3 OuU3 OU1 
= mph? +5 3 | (= y" + (%) + (S)" 0x1 0X2 0X2 0X3 oe | 
; OuU1 OU2 OU2 , OU3s\*. ,- dus a 
ro [ (Qe eB) + (BEY (SEF BY] cea 
The thermal dissipation function ¢, due to heat conduction can be ee with the 
aid of (3c-16) and (8c-21a), in the form | 
-~  _G9F _ «(aly _k 2 
me = ~ Toe; 7 + T (= Dale we) (3e-24) 
It does not appear explicitly in (3c-23), but it is theré implicitly as a Gonerauenc: of 
the heat-transfer processes described by (3c-23). _ 
1 Phil. Mag. (4) 1, 305-317 (1851). 


2See, for examole: Zemansky, ‘‘Heat and Thermodynamics,” 3d ed., pp. 246- “255, 
McGraw-Hill Book Company, Inc., New York, 1951. 
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Summary of Assumptions. The fluid considered is assumed to be continuous except 

at boundaries or interfaces, locally homogeneous and isotropic when at rest, viscous, 
thermally conducting, and chemically inert, and its local thermodynamic condition is 
assumed to be completely determined by specifying three ‘“‘state’’ variables, any two 
of which determine the third uniquely through an equation of state. No structural 
or thermal ‘‘relaxation’’ mechanism has been presumed up to this point in the analysis, 
except to the extent that ordinary heat conduction and viscous losses may be described 
in such terms. Local thermodynamic reversibility has been assumed in using con- 
ventional thermodynamic identities based on the second law, but the irreversible pro- 
duction of entropy by dissipative processes has been accounted for explicitly. It is 
also assumed that the stress tensor is a linear function of the rate of deformation, and 
that the tractions due to viscosity can be represented by the linear terms of an expan- 
sion in powers of the viscosity coefficients. The viscosity and heat-exchange parame- 
ters of the fluid n, 7’, x, and q, may depend in any continuous way on the state variables 
and hence may be implicit functions of time and the spatial coordinates. Within the 
scope thus defined the equations given are exact. 

The functional dependence on time and the spatial coordinates of the condition and 
motion variables P, 7, p, and u can be evaluated, in a formal sense at least, by solving 
the set of four simultaneous equations connecting these variables [Eqs. (3c-5), (3c-11), 
(3c-23), and (8c-15) or one of its alternates]. No general solution of these complete 
equations has been given, however, and one or another of the least important terms 
are usually omitted in order to render the equations tractable for dealing with specific 
problems. 

3c-3. The Small-signal Acoustic Equations. The physical theory of sound waves 
deals with systematic motions of a material medium relative to an equilibrium state 
and thus comprises the variational aspects of elasticity and fluid dynamics. Such 
perturbations of state can be described by incremental, or acoustic, variables and 
approximate equations governing them can be obtained by arbitrarily “‘linearizing”’ 
the general equations of motion. These results, as well as higher-order approxima- 
tions, can be derived in an orderly way by invoking a modified perturbation analysis.} 
This consists of replacing the dependent variables appearing in (8c-5), (3c-11), and 
(8c-23) by the sum of their equilibrium or zero-order values and their first- and second- 
order variational components, and then forming the separate equations that must be 
satisfied by the variables of each order. Two of the composite state variables, for 
example p and 7’, can be defined arbitrarily, whereupon the third, P, is determined 
by the functional equation of state. These definitions, some self-evident manipula- 
tions, and the subscript notation identifying the orders can be exhibited as follows: 


= po + pi + p2 T= T) + 01 + % 
Vp = Voi + Voz vT = V6i + V2 
P(p,T) = Po(eo,T) + pi + po 
aP | aP 
Pi + po = (=), 1, (eo — po) + | (3 cil (T —To + - (3c-25) 
Se ere bes = 1 (9 ra [(S) | = Se 
K=Kr=0(7), aie (st). noe Ne Op/slo — po 
oy Ke _ Oe 
3 Kr 7 Cs 


Co? Co? | 
pi = = (p1> + BopoA:) pP2 = — (p2 + Bopo8e) 


u=0+ uu + ws Veu=A=A+4.=V'utveus 
pu = [potal: + [oii + pottele + -- : 
V« (ou) = [ooV > uli + [orV > ti + U1’ Vor + poV' slo + °° © 


1 Eckart, Phys. Rev. 73, 68-76 (1948). 
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Terms containing Vpo have been omitted in writing out. V - (eu), on the assumption 
that po, To, and Po are constant and up = 0. The reference state need not be so 
restricted to one of static equilibrium provided its time and space rates of change are 
presumed small in comparison with the corresponding change rates of the acoustic 
variables. The extraneous body force F will also be omitted hereafter; it would 
become important in cases involving electromagnetic interaction, but. it. usually 
derives from a gravitation potential and affects primarily the equilibrium configura- 
tion.! Little generality is sacrificed by omitting F and assuming a static reference, 
moreover, since the basic equations characterize directly the equilibrium condition 
and since the ‘‘cross-modulation”’ effects brought in by nonlinearity are dealt with 
adequately through second- or higher-order approximations. 

Notice that the foregoing represents a mathematical-approximation ee that 
is concerned only with the precision achieved in interpreting the content of the basic 
equations. The accuracy with which the basic equations themselves delineate the 
behavior of a real fluid is an entirely different question that must be considered inde- 
pendently on its own merits. It follows that, while good judgment may restrain the 
effort, there is no impropriety involved in pursuing higher-order solutions of the 
acoustic equations, even though the equations themselves may embody first-order 
approximations to reality such as that represented by assuming linear dependence on 
the viscosity coefficients and the deformation rate. 

When the appropriate relations from (3c-25) are substituted in (3c-5), (3ce-11), and 
(3c-23), the first-order acoustic equations can be separated out in the form 


“e + p(V*ui) = (3c-26a) 
po aes “(4 + Bopo ve) Ver — (mV)V(V + ur) + mV X(V Xu) = 0 (8c-26b) 
poC’, “ + pt (V 7 U) ars KoV701 + poC' 41 = 0 (3c-26c) 


Inasmuch as the first-order effects of both shear and dilatational viscosity and of heat 
conduction and radiation have been included, these equations comprehend a visco- 
thermal theory of small-signal sound waves. The sound absorption and velocity 
dispersion predicted by this theory are discussed below. Note especially that taking 
heat exchange into account explicitly by including (3c-26c) has precluded the con- 
ventional adiabatic assumption and denied the simplifying assumption that P = P(p). 
Adiabatic behavior would be assured, on the other hand, if it were assumed at the 

outset that « = q = 0, but the behavior would not at the same time be strictly 
isentropic so long as irreversible viscous losses are still present and accounted for. 
The difference between adiabatic and isentropic behavior in this case is of second 
order, however, as indicated by the fact that. the second-order dissipation functions 
¢@ do not appear in the first-order energy equation (3c-26c), which is thereby reduced 
to yielding just the isentropic relation between dilatation and excess temperature. 
It is allowable, therefore, in this first-order approximation, to replace the quotient 
(V6:/Vp1) appearing in (3c-26b) with the isentropic derivative (0T'/dp), = (y — 1)/p8, 
whereupon the first-order equation of motion for an adiabatic viscous fluid can be 
written as 


po et + eV pr — mo VV(T + ui) + 2n(V X Ri) = 0 (30-27) 
If the effects of viscosity, as well as of heat exchange, are to be neglected, the diver- 
gence of what is left of (8c-27) can be subtracted from the time derivative of (3c-26a) 


1 But, for a case in which F and Vpo cannot be neglected, see Haskell, J. Appl. Phys. 
22, 157-168 (February, 1951). 
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to. veld the typical small-signal scalar wave equation of classical acoustics, | 


dp 
ma =(5 ) vn : (3c-28a) 


ar with the help of the first-order isentropic relation p1 = ca°(er)e, this wave equation 


becomes, in terms of the sound pressure, 
, SPT egty2p, (3c-28b) 


- 8c-4. The Second-order Acoustic Equations. The same substitution of composite 
variables that delivered (3c-26a), (3c-26b), and (3c-26c) will also yield directly the . 


second-order equations of. pc ousics, which can now be RLaTEBelCd as RORORE: 


ae ene Ue) + V° (pit) = 0 : alii 
Po ome. + (erin) +- pou (V ° ui) + Gani V)ur 
+ ms (1 + Bes ves) Vos — noUV(V * Us) + 20(V XK Re) 
— (ny (v ") — 2(Vm + V)ur — 2(Vm1) X Ri = 0 (80-298) 
062 + . | 
ap + Mt" ae: 


. VOi° V Ky oy 
2 Se ee = 
—+- 30, piV7Ai “C0, + 462 on 0 (3c 29c) 


The subscripts eae, to x and the 7’s pamy that a may be expressed in the 
generic form 


n(T, p, - + +) = no(To, po, - > +) +. m = 5 +3 5 At +--+ (8¢e-30) 


No general solution of these complete second-order equations has been given, but they 
provide a useful point of departure for making approximations and for investigating 
some second-order phenomena, that cannot be predicted by the first-order equations 
alone. | i 
8c-5. Spatial and Material Coordinates. Equations (8c-26) and (3c-29) are 
couched in terms of the local values assumed by the dependent variables p, P, T, and u 
at. places identified by their coordinates x; in a fixed spatial reference frame, commonly 
called Eulerzan coordinates (in spite of their first use by d’Alembert). As an alternate 
method of representation, the behavior of the medium can be described in terms of the 
sequence of values assumed by the dependent condition and state variables pertaining 
to identified material particles of the medium no matter how these particles may move 
with respect to the spatial coordinate system. The independent variables in this case 
are the identification coordinates a;, rather than the position coordinates; the latter 
then become dependent variables that describe, as time progresses, the travel history 
of each particle of the medium. Such a representation in terms of material coordinates 
is commonly called Lagrangian (in spite of its first introduction and use by. Euler). 
The Wave Equation in Material Coordinates. The use of material coordinates can 
be demonstrated by deriving the exact equations governing one-dimensional (plane- 
wave) propagation in a nonviscous adiabatic fluid. Consider a cylindrical segment 
of the medium of unit cross section with its axis along +2, the direction of propaga- 
tion, and let + and x + dz define the boundaries of 4 thin laminar ‘‘particle’’ whose 
undisturbed equilibrium position is given by aanda + 6a. Thedifferencez — a = £ 
defines the displacement of the a particle from its equilibrium position and provides a 
convenient incremental, or acoustic, dependent variable in terms of which to describe 
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the position, velocity, and acceleration of the particle; thus 


ox dg due art 
= — = L = — es ae 
x(a,t) =at &(a,t) At u"(a,t) ry at YD (3e-31) 
Continuity requires that the mass of the particle remain constant during any dis- 


placement, which means that 
Z. O& po 
a L L : —_ a pa 
poda = pbx = p (sa + aq ba) ie =1-+4 . (3ce-32a) 


or, for three-dimensional disturbances and in general, 


Po _ 0 (X1,22,03) 


pe 0(1,Q2,Q3) e-g2)) 


in which the symbolic derivative stands for the Jacobian functional determinant. 
The superscript L is used here and below as a reminder that the dependent variable 
so tagged adheres to, or “follows” in the Lagrangian sense, a specific particle, and that 
it is a function of the independent identification coordinates. When not so tagged, or 
with superscript E added for emphasis, the state variables p, P, 7, and the condition 
variable u are each assumed to be functions of time and the spatial coordinate z. 
The net force per unit mass acting on the particle at time tis — (p4)—!9P2/ 0x, where 
p” and P¥ are the density and pressure at x, the ‘“now”’ position of the moving particle. 
However, inasmuch as x is not an independent variable in this case, the pressure 
gradient must be rewritten as (0P“/da)(da/dz), from which the second factor can be 
eliminated. by recourse to (3ce-32a). The momentum equation then becomes just 


pod?E = —adaPt 
ot? 0a. 


(3e-33) 


The adiabatic assumption makes available the simplified equation of state, P = P(), 
and this relation, in turn, allows the material jai: dP"/da, to be written as 


eam (2) _ ge 0" 


a (3c-34) 


from which the last factor can be eliminated by using (3c-32a) again. This leads at 
once to the exact wave equation! 


de 2 0% as —2 ae 
al? -(= -) da? a(1+3 T 3a) 3a? (3c-35) 


The pressure-density relation for a pertect adiabatic gas is P = Po(p/po)7, from 
which it can be deduced that 


y-i Y= 1 
C= (2). = we 2 (2 ) = Co? (4 ) (3c-36) 
- Po Po 


No generalization of comparable simplicity is available for liquids.2. When (3c-36) is 
introduced in (8c-35), the exact “Lagrangian” wave equation for an adiabatic perfect 


gas becomes 
7 yt+1 O07 _ 38 —(y4+)l) OE 
ae cot (5) da? oy (142 T 3a da? (e-37) 


In the Lagrangian formulation illustrated above, the choice of a, the iuitial position 


coordinate, as the independent variable is useful but any other coordinate that 


1 Rayleigh, ‘““Theory of Sound” vol. II, §249; Lamb, ‘‘“Hydrodynamics’”’ §§13- 15, 279-284. 
2 But see Courant and Friedrichs, ‘‘Supersonic Flow and Shock WAYOE:: p. 8, Inter- 
science Publishers, Inc., New York, 1948. 
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identifies the particles would serve the same purpose. For example, the particle 
located momentarily at x can be uniquely identified by the material coordinate 


h= f, ° p dx, where h represents the mass of fluid contained between the origin and 


the particle. Inasmuch as this included mass will not change as the particle moves, 
the use of A as an independent ‘“mass’”’ variable automatically satisfies the require- 
ments of continuity, with some attendant simplification in the analysis of transient 
disturbances. In the undisturbed condition, p = po and x = a, whence the relation 
a = h/po allows the independent variables to be interchanged by direct substitution 
in (3¢-37). 

Material and Spatial Coordinate Transforms. It is useful to have available a 
systematic procedure for converting a functional expression for one of the state 
variables from the form involving material coordinates to the corresponding form in 
spatial coordinates, or the inverse. One should avoid, however, the trap of referring 
to the state variables themselves as Lagrangian or Eulerian quantities; density and 
pressure, for example, are scalar point functions that can have only one value at a 
given place and time. On the other hand, it is of prime importance to distinguish 
carefully (and to specify!) the independent variables when computing the derivatives 
of these quantities. 

The E and L functions are tied together by the displacement variable £, which pro- 
vides a single-valued connection between the a particle and its instantaneous position 
coordinate x and which may therefore be regarded as a function of either of its terminal 
coordinates a or x. This can be indicated [cf. (3c-31)] by writing x(a,t) = a + &(a,t), 
or the inverse relation a(z,t) = x — &(z,t); from which follow the alternate expressions 


a=x—éat) «££ =at £(z,f) (3c-38) 


The desired coordinate transforms can then be established by means of Taylor series 
expansions, the two forms following according to whether the expansion is centered 


on the instantaneous particle position or spatial coordinate xz, or on the particle’s _ 


equilibrium position or material coordinate a. Thus, if ¢ is used to represent any one 
of the variables p, P, 7’, or u, one of the expansions can be based on the obvious identity 


q¥ (a,t) g” (2,t)2ma+k(a,t) 


gq? (x,t)z—a + | ee, joe orn) + 3 | 8 t) meee | 4+ +++ (3¢-39) 


t=a 


I 


Note that all terms on the right of (3c-39) are functions of the spatial coordinates and 
that each is to be evaluated at the equilibrium position coordinate a. This transform 
yields, therefore, the instantaneous value in material coordinates of the variable 
represented by q, in terms of the local value of q modified by correction terms (com- 
prising the succeeding terms of the series) based on the spatial rate of change of ¢ and 
the instantaneous displacement. 

The inverse transform is derived in a similar way from the identity 


q® (x,t) = lq” (a,t)]a—2—t¢a,t) ‘ 
Fat) = [a(aene — | x(a) 2G] +5] eqn EO | — ++ + @e-40) 


a=z% 


In symmetrical contrast with (3c-39), all terms on the right in (3c-40) are functions 
of the material coordinates and are to be evaluated fora = x. This transform, there- 
fore, yields the instantaneous local value of the variable q at the place z, in terms 
of the instantaneous value of q for the now-displaced particle whose equilibrium 
position or material coordinate isa = x, modified by the succeeding terms of the series 
in accordance with the material-coordinate rate of change of g and the instantaneous 
displacement. 
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The transforms (3c-39) and (3c-40) indicate that the differences between g¥ and g¥ 
are of second order, which explains why the troublesome distinction between spatial 
and material coordinates does not intrude when only first-order effects are being con- 
sidered. It also follows that the first two terms of these transforms are sufficient to 
deliver all terms of g¥ or g¥ through the second order. The use of these transforms 
can be illustrated by writing them out explicitly for u and p, including all second-order 
terms; 


ub = & uE = ub — Eugt = & ra Esta (3c-41a) 
pl = pol + £4)! = po(l = Ea + E,? Tee -) 
p= = pol — Eo a Eq? + EEaa) os poll plane Ea + (E€a)al (3c-41b) 


in which the subscripts indicate partial differentiation with respect to a or t. The 
product of (8c-41a) and (3c-41b) gives at once the relation between the material and 
spatial coordinate expressions for the mass transport pu; thus, through second order, 


pEu® = pul — £(plut), + E(palta”) = polfs — (Eé:)al = wolf — EEale (3c-42) 


It is then straightforward to show that, if the particle velocity £; is simple harmonic, 
the time average of the local mass transport p¥u will vanish through the second order, 
even though the average value of u¥ is not zero. Note, however, that the displace- 
ment velocity & is measured from an equilibrium position that is here assumed to be 
static; the average mass transport may indeed take on nonvanishing values if the wave 
motion as a whole leads to gross streaming (see Sec. 3c-7). 

3c-6. Waves of Finite Amplitude. A distinguished tradition adheres to the study 
of the propagation of unrestricted compressional waves. That the particle velocity is 
forwarded more rapidly in the condensed portion of the wave was known early 
(Poisson, 1808; Earnshaw, 1858; Riemann, 1859); and that this should lead eventualy 
to the formation of a discontinuity or shock wave was recognized by Stokes (1848), 
interpreted by Rayleigh,! discussed more recently by Fubini,? and has been reviewed 
still more recently with heightened interest by modern students of blast-wave 
transmission.? | 

By virtue of the adiabatic assumption underlying P = P(e), the speed of sound 
is also a function of density alone and may be approximated by the leading terms of its 
expansion about the equilibrium density: 


2 = 2 a po ( De ee g 

Cc Co E QEo a 7), + | (3c-43) 

When (3c-43) is introduced in the exact wave equation in material coordinates, 

(3c-35), the latter can be recast in the following form, using the subscript convention 
for partial differentiation and retaining only, but all, terms through second order: 
ee | ae po ( De 2 e 

Ste Co gaa Co E + Co =), (Ea Ja (3¢ 44) 

If it is then assumed that an arbitrary plane displacement £(0,é) = f(t) is impressed 

at the origin, it can be verified by direct substitution that a solution of (8c-44) is 


to “F(0— 2) taal SCR) IL-2] oss 


The density variations associated with these displacements are to be found by entering 

(3c-45) in (3c-32), and the variational pressure can then be evaluated in terms of the 

adiabatic compressibility of the medium. , 
Relatively more attention has been devoted to the analysis of solutions of (3c-37) 

for the case of an adiabatic perfect gas. For an arbitrary initial displacement, as 
1“Theory of Sound,” vol. II, §§249-253. 


2 Alta Frequenza 4, 530-581 (1935). 
5 See also Sec. 2z of this book, ‘“‘Shock Waves,” pp. 2-231 to 2-236. 
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above, the selagion of the corresponding wave ecueuon eet) aeeN meee all 
terms through second order, is 


E(a,t) = s(t-3 —=)+ om y + E (a - -2)y (30-46) 


Technological interest in this problem centers on the generation of spurious harmonies: 
which can be studied by assuming the initial displacement to be simple harmonic, 
viz., f(t) = & (1 — cos wt) at the origin. The solution then takes the explicit form 


peed 
8 


é(a,t) = & [1 — cos (wt — koa)] + ho®Eo%a[l — cos 2(wt — koa)] (30-47) 
in which ky is written for the phase constant, ky = w/co = 2m/No. 

The most striking feature of the solutions (3c-45) and (3c-47) is the appearance 
of the material coordinate a in the coefficient of the second-harmonic term. As a 
consequence, the condensation wave front becomes progressively steeper as the wave 
propagates, the energy supplied at fundamental frequency being gradually diverted 
toward the higher harmonic components. The compensating diminution of the 
fundamental-frequency component would be exhibited explicitly if third-order terms 
had been retained in (3c-46) and (3c-47) inasmuch as all odd-order terms include a 
‘“eontribution” to the fundamental. When such higher terms are retained it is 
predicted that propagation will always culminate in the formation of a shock wave at 
a distance from the source given approximately by a = 2£0/(v + 1)M?, where M is the 
peak jwalue of the particle-velocity Mach number.! On the other hand, when dissipa- 
tive mechanisms are taken into account, the fact that attenuation increases with fre- 
quency for either liquids or gases leads to the result that, except for very large initial 
disturbances, a stable value of wave-front steepness will be reached at which the rate 
of energy conversion to higher frequencies by nonlinearity is just compensated by the 
increase of absorption at higher frequencies. If attention is centered on the funda- 
mental component, however, such diversion of energy to higher frequencies appears 
as an attenuation and accounts for the relatively more rapid absorption sometimes 
observed near a sound source.? 

The variational or acoustic pressure, in material coordinates, can be expressed 
generally as a function of the displacement gradients by using the adiabatic pressure- 
density relation P2 = Po(e/po)7 in conjunction with the continuity relation (8c-32); 
thus, 

PL — Py = ph = yPol—ka + oly + LE] = (pt) +i? + pee — (3e-48) 


in which the last member identifies the steady-state alteration of the average pressure 
and the fundamental and second-harmonic components of sound pressure. When the 
harmonic solution (3c-47) is introduced in (3c-48), the two alternating components of 
pressure for a? > (A/47)? can be shown, after some algebraic manipulation, to be 


= +P .M sin (wot — koa) = + +/2 Pisin (wt — koa)  (3e-49a) 
pit = yPoMkcat(y + 1) sin 2(wt — koa) = +/2 Pa sin 2(wt — koa) (3e-49b) 


in which P; and P: are the rms values of the fundamental and second-harmonic sound 
pressures, and M = kof) = wéo/co is again the peak value of the particle-velocity Mach 
number at the origin. The relative magnitude of P2 increases linearly with distance 
from the origin and is directly proportional to the peak Mach number, as may be 
deduced from (3c-49a) and (3c-49b); thus 


P» 
P, 
1Fubini, Alta Frequenza 4, 530-581 (1935). 
2 Fox and Wallace, J. Acoust. Soc. Am. 26, 994-1006 (1954). 


Pkoa(y + 1) 


1 
=A 1)Mkoa P= ‘= 
(y + 1)Mko 2 BA/oaE. 


(3c-50) 
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Various experimental studies of second-harmonic generation have given results in 
reasonably good agreement with the predictions of (3c-50).! | 

The sound-induced alteration of mean total pressure, or ‘‘average”’ acoustic pres- 
sure, is given by the time-independent terms yielded by the substitution of (3c-47) in 
(3c-48), viz., 7 


eee | , 
(ph) = 4 PAO TY (30-51) 
Note that this pressure increment is given as a function of the material coordinates, 
which means that it pertains to a moving element of the fluid. The local value of the 


pressure change can be found by means of the transform (3c-40), which gives, through 
second-order terms, the following replacement for (3c-48) ; 


pe m= ph — 6 = Pol ee tly t+ Vet + le] (80-52) 


When (3c-47) is introduced in (30-52), the time-independent terms give the local 
change in mean pressure as ; 


(p=) = + welt ~ 8) 22) (30-53) 


and since + is usually less than 2, it follows that the local value of mean pressure will 
be reduced by the presence of the sound wave, in striking contrast to the increase of 
mean pressure that would be observed when following the motion of a particle of the 
medium. Negative pressure increments as large as 10 newtons m-? (100 dynes cm~?) 
have been reported experimentally, in reasonably good agreement with (3c-53). 

The mean value of the material particle velocity, u“ = &, vanishes, as may be seen 
by differentiating (3c-47). The local particle velocity that would be observed at a 
fixed spatial position does not similarly vanish, however, and may be shown, by using 

the transform (3c-40) again, to be — 


ae | 
uh = & — ftbte (uF) = — 5 cM? = ss = —(poto?)“KJ) (3-54) 

where (J) is the average sound energy flux, or sound intensity.” 

3c-7. Vorticity and Streaming. As suggested above, and with scant respect for the 
traditional symmetry of simple-harmonic motion, sound waves are found experimen- 
tally to exert net time-independent forces on the surfaces on which they impinge, and 
there is often aroused in the medium a pattern of steady-state flow that includes the 
formation of streams and eddies. The exact wave equation considered in the pre- 
ceding section has been solved only for one-parameter waves (i.e., plane or spherical), 
and these solutions do not embrace some of the gross rotational flow patterns that are 
observed to-occur. It is necessary, therefore, to revert for the study of these phe- 
nomena to the perturbation procedures introduced by the first- and second-order 
equations (3c-26) and (3e-29). | Q oe 

It is plausible that vortices and eddies should arise, if there is any net transport at 
all, inasmuch as material continuity would require that any net flow in the direction 
of sound propagation must be made good in the steady state by recirculation toward 
the source. Streaming effects can be studied most usefully, therefore, in terms of the 
generation and diffusion of circulation, or vorticity. More specifically, the time 
average of the second-order velocity ue will be a first-order measure of the streaming 


1 Thuras, Jenkins, and O’Neil, J. Acoust. Soc. Am. 6, 173-180 (1935); Fay, J. Acoust. 
Soc. Am. 3, 222-241 (October, 1931); O: N. Geertsen, unpublished (ONR) Tech. Report 
no. III, May, 1951, U.C.L.A. 

2 Westervelt, J. Acoust. Soc. Am. 22, 319-327 (1950). 
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velocity. The vector function describing us can always be resolved into solenoidal 
and lamellar components defined by 


Us = —Voo +t VX Ao V2o2 = —V° te V’A; = —(V x U2) (8c-55) 


The irrotational component that represents the compressible, or acoustic, part of the 
fluid motion is derived from the scalar potential g2.. The vector potential Az is asso- 
ciated with the rotational component comprising the incompressible circulatory flow 
that is of primary interest in streaming phenomena. 

The failure of the first-order equations to predict streaming can be demonstrated 
by writing directly the curl of the first-order force equation (3c-26b). The gradient 
terms are eliminated by this operation, since V X V( ) = 0, leaving just 

om — voV?Ri = 0 (3c-56) 
Thus the first-order vorticity, Ri = $(V X ui), if it has any value other than zero, 
obeys a typical homogeneous diffusion equation. On the other hand, it would appear 
to follow that, if Ri were ever zero everywhere, its time derivative would also vanish 
everywhere and R, would be constrained always thereafter to remain zero. This is not 
a valid proof of the famous Lagrange-Cauchy proposition on the permanence of the 
irrotational state, but the absence of any source terms on the right-hand side of (3c-56) 
does indicate correctly! that first-order vorticity cannot be generated in the interior 
of a fluid even when viscosity and heat conduction are taken into account. Instead, 
first-order vorticity, if it exists at all, must diffuse inward from the boundaries under 
control of (8c-56).° 

A notably different result is obtained when the second-order equations are dealt, 
with in the same way. It is useful, before taking the curl of (3c-29b), to eliminate the 
second and third terms of this equation by subtracting from it the product of (91/po) 
and (3c-26b), and the product of u; and (8c-26a). In effect this raises the first-order 
equations to second order and then combines the information in both sets. The 
augmented second-order force equation can then be arranged in the form 


po = + 2no(V XX Re) + roVpiV(V * ui) — 2vopi(V X Ri) — 2po(ui & Ri) 
1 
—2[(Vi° V)ui + Vn X (V XK ud) + 2(Vm X Ri) + poV (5 ui° u:) + BeVpe 
— Biv (G p:*) are noUV(V , U2) = Vn (V : U;) = 0 (30-57) 


The following abbreviations have been used for the coefficients of Vi in (3c-26b) and 
of Vpz in (8c-296): 


2 De Co? De 
BB, = oe: E ae) | Bo= eal E (5) } ef 
1 > + Bopo Doi) o 2 ; + Bopo Dos) o (3c-58) 


in which the quotients (V6:/Vp1) and (V@2/Vp2) have been replaced by the correspond- 
ing material derivatives D@/Dp, which must be evaluated, of course, for the particular 
conditions of heat exchange satisfying the energy equations (8c-26c) and (8c-29c). 
This evaluation can be evaded temporarily (at the cost of neglecting VB: and VB2) 
by observing that each of the last five terms of (8c-57) contains a gradient. These 
disappear on taking the curl of (3c-57), whereupon the vorticity equation emerges as 
oR 1 ) 
aE — wV"?Re = 3 voV (vs, xv =) + po!V X (ui V)Vm + vosiv?Ri 

— wVsi X (V XR) — V X (ur X Ri) + 90 V XK (Wm KX Ri) (e-59) 


1 Bt, Venant, Compt. rend. 68, 221—237 (1869). 
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in which s; has been introduced as an abbreviation for the first-order condensation, 
81 = pi/po. This inhomogeneous diffusion equation puts in evidence various second- 
order sources of vorticity: four vanish if the first-order motion is irrotational (Ri = 0), 
and two drop out when the shear viscosity is constant (V71 = 0). It is notable that 
the dilatational viscosity 7’ does not appear in any of these source terms except 
through the ratio »’/y that forms part of the dimensionless viscosity number U = 
2 + (y'/n). 

Except for the third source term, which (3c-56) shows to be one order smaller than 
the change rate of Rj, all the vorticity sources would vanish—and the streaming would 
““stall’’—if the wave front were strictly plane with wi, s:1, and y functions of only one 
space coordinate. Wave fronts cannot remain strictly plane at grazing incidence, 
however,! and rapid changes in the direction and magnitude of wu, will occur near 
reflecting surfaces, in the neighborhood of sound-scattering obstacles, and in thin 
viscous boundary layers. As a consequence, the “surface’’ source terms containing 
R; become relatively more important in these cases.? In other circumstances, when 
the sound field is spatially restricted by source directionality, the first source term in 
(3c-59) dominates and leads to a steady-state streaming velocity proportional to the 
ratio of the dilatational and shear viscosity coefficients—and hence to a unique inde- 
pendent method of measuring this moot ratio.? Both the force that drives the fluid 
circulation and the viscous drag that opposes it are proportional to the kinematic 
viscosity, which does not therefore control the final value of streaming velocity but 
only the time constant of the motion, i.e., the time required to establish the steady 
state. 

Evaluating the second-order vorticity source terms in any specific case requires that 
the first-order velocity field be known, and this calls in the usual way for solutions that 
satisfy the experimental boundary conditions and the wave equation. Unusual 
requirements of exactness are imposed on such solutions, moreover, by the fact that 
even the second-order acoustic equations yield only a first approximation to the mean 
particle velocity. 

The analysis of vorticity can be recast, by skillful abbreviation and judicious 
regrouping of the elements of (8c-57), in such a way as to yield a general law of rota- 
tional motion, according to which the average rate of increase of the moment of 
momentum of a fluid element responds to the difference between the sound-induced 
torque and a viscous torque arising from the induced flow.’ A close relation has also 
been shown to exist in some cases between the streaming potential and the attenuation 
of sound by the medium without regard for whether the attenuation is caused by 
viscosity, heat conduction, or by some relaxation process; in effect the average 
momentum of the stream “‘conserves’’ the momentum diverted from the sound wave 
by absorption. This principle has so far been established rigorously only for the 
adiabatic assumption under which P = P(p), and under restrictive assumptions on 
the variability of » and U, but its prospective importance would appear to justify 
efforts to extend the generalization. 

3c-8. Acoustical Energetics and Radiation Pressure. If the kinetic energy density 
that appeared briefly in (3c-12) is restored to (3c-18), the change rate of the specific 


1 Morse, “‘ Vibration and Sound,” 2d ed., pp. 368-371, McGraw-Hill Book Company, 
Inc., New York, 1948. 

2 Medwin and Rudnick, J. Acoust. Soc. Am. 25, 538-540 (1953). 

3 Liebermann, Phys. Rev. 75, 1415-1422 (1949); Medwin, J. Acoust. Soc. Am. 26, 332-341 
(1954). 

4 Eckart, Phys. Rev. 73, 68-76 (1948). 

5’ Nyborg, J. Acoust. Soc. Am. 25, 938-944 (1953); Westervelt, J. Acoust. Soc. Am. 25, 
60-67 and errata, 799 (1953). 

6 Nyborg, J. Acoust. Soc. Am. 25, 68-75 (1953); Doak, Proc. Roy. Soc. (London), ser. 
A, 226, 7-16 (1954); Piercy and Lamb, Proc. Roy. Soc. (London), ser. A, 226, 43-50 (1954), 
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total energy density (per unit mass), E/p, can be formulated in terms of 


D(E/p) _D(au-u) , De 


“Di ae ee 7 | 
D(gu:u) _ | | 


Material derivatives are used here so that the energy balance reckoned for a particular 
volume element will continue to hold as the derivatives “follow”? the motion of the 
material particles. The mechanical work term on the right in (8c-60) can be resolved 
into two components by writing P = Po + p, where the excess, or sound, pressure P 
now represents the sum of the variational components of all orders 


(p=pitpet-:- >) 
Thus 


D(E/p) _  D(gu-u) De ce | 
Di  ° De” P ai Dit PPo am ~ Vat on (3c-61) 


A second equation involving the first two terms on the right of (8c-61) can be formed 
by multiplying the continuity equation (3c-5) by p and adding it to the scalar a 
of the vector u and the vector force equation (8c-11b); thus. 
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where f, stands for the sum of the five viscosity terms that appear on the right-hand 
side of (3c-11b). Combining this result with (3c-61) oe 
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The significance of this result can be made more apparent by using the continuity 
equation again, this time in the form (£ /p)[dp/dt + V° (pu)] = 0. Adding this 
“cero” to the left-hand side of (3c-63), after first using (8c-3) to express the material 
derivative in terms of fixed apauat coordinates, allows ane ponunuly of acoustic energy 
to be expressed by | 


ple) +9. Gaeve OE le) ai vit P+¥e (ai) | 
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The acoustic energy-flux vector can be jdentified as pu = J, inasmuch as this term 
represents the instantaneous rate at which one portion of the medium does mechanical 
work on a contiguous portion in the process of forwarding the sound energy. The 
time average of the sound-energy flux through unit area normal to w is defined as the 
sound intensity, (J) =1. Ordinarily it is only the time average of each term of (3c-64) 
that is of interest, but the equation itself holds at every instant and asserts that 
growth of the total energy density of a volume element is accounted for by the influx 
of acoustic and thermal energy across the boundaries of the element, by the energy 
dissipated in viscous losses, and by the work done by the equilibrium pressure on.the 
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' yolume element during condensation. The latter component is represented by 
(—P oA) and bya corresponding linear term contained implicitly in HE [cf. (3c-19)]. 
It is omitted in most textbook ‘descriptions of acoustic energy density, the neglect 
being justified if at all on the grounds that the stored energy varies linearly with the 
dilatation and hence will have a vanishing net value when averaged over an integral 
number of periods or wavelengths, or over the entire region occupied by the sound 
field. Care must be taken to ensure that it does indeed vanish rigorously on the 
average inasmuch as the peak values of this component of energy storage are larger 
than the acoustic energy in the ratio Po/p. 

Acoustic Radiation Pressure. The appearance of the product Fu as an additive 
term in the first right-hand member of (8c-64) is notable and represents the net energy 
density carried across the boundary of a volume element by convection, the net flow 
being measured by the divergence of the particle velocity.1_ No approximations have 
been made in deducing (8c-64), which holds, therefore, within the scope of validity 
of the basic assumptions. | 

It is significant to remark the fact that EF is directly additive to p when the diver- 
gence term is written as V- (p + E)u, thereby identifying the additive term as a 
radiation pressure whose magnitude at every instant is Just equal to the total energy 
density, E = $pu-u-+ pe. This interpretation can be fortified by revising (3c-64) 
by expanding V- (Eu) = E(v-u) +u:VE. The last term can be used to restore 
the material time derivative of E and the other can be merged with the linear term in 
Po, yielding a revised power equation in the form 


— = —V- (pu) — (Pot HA-—Viqat+et+uf, (3c-65) 


The role of E as an additive, or radiation pressure is thus retained in (3c-65) where 
its time-independent part is now exhibited appropriately as a slight change in the 
equilibrium pressure. 

When seeking to evaluate the net mechanical force due to radiation pressure on a 
material obstacle or scteen exposed to a sound field, care must be taken to specify the 
boundary conditions and to account for all the reaction forces involved, including the 
steady-state interaction of the obstacle with the medium as well as the dynamic 
interaction of the obstacle with the sound field itself. Thus, for example, if a long 
tube is ‘‘filled’”’ with a progressive plane wave, the walls of the tube, which interact 
only with the medium, would experience only the mean increment of the equilibrium 
pressure [cf. (8c-53)], and this would disappear if the walls were permeable to the 
medium, but not to the sound wave (e. g., with capillary holes). On the other hand, 
if a sound-absorbing screen were freely suspended. athwart the wavefronts, it would 
experience just the pressure EH shown by (3c-64) to be additive to p; but if the screen 
were to form an impermeable termination of the tube it would experience both com- 
ponents of pressure, including changes due to the enhancement of (E) by the reflected 
wave.” 

3c-9. Sound Absorption and Dieperaiont The basis manifestation of the absorption 
or attenuation of sound is the conversion of organized systematic motions of the 
particles of the medium into the uncoordinated random motions of thermal agitation. 


1. Schock, Acustica 3, 181-184 (19583). 


2 The literature on radiation pressure is extensive, and much of it is confusing. The. 


fundamentals are soundly discussed by L. Brillouin, ‘‘Les Tenseurs en mécanique et en 
élasticité,’?’ Dover Publications, New York, 1946. The influence of oblique incidence and 
of the reflection coefficient of the obstacle is discussed in detail by F. E. Borgnis, On the 
Forces upon Plane Obstacles Produced by Acoustic Radiation, J. Madras Inst. Technology 1 
(2), pp. 171-210 (November, 1953); (3), pp. 1-383 (September, 1954) ; also a condensed 
version in Revs. Modern Phys. 25, 653-664 (1953). A suggestive review, with a critical 
bibliography, has been given recently by E. J. Post, J. Acoust. Soc. Am. 25, 55-60 (1953). 
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Various agencies of conversion can be identified as viscosity, heat conduction, or as 
some other mechanism that gives rise to a delay in the establishment of thermo- 
dynamic equilibrium; but all are mechanisms of interaction that lead to the same 
result, viz. that the energy of mass motion imparted intermittently to the medium 
by the sound source becomes increasingly disordered and ‘‘unavailable.’’ Describing 
this in terms of the irreversible production of entropy leads to the definition of dissipa- 
tion functions and paves the way for formulating an acoustic energy balance. 

Equation of Continuity for Acoustic Energy. This may take the form of a statement 
that the mean net influx of sound energy across the boundaries of a volume element 
situated in a sound field must just balance the average time rate at which this energy 
is degraded, or made unavailable, throughout the volume element by irreversible 
increase of entropy; thus, by extension of (3c-20), 


_ i, Iida; = f =" av = [, pee av = L, (be + 4) dV (30-66) 
where the sound energy flux vector is J; = pu;, and Egiss is the degraded component 
of internal energy associated with the irreversible entropy Sir. 

The differential form of (3c-66) can be obtained in the usual way by using the diver- 
gence theorem to convert the surface integral to a volume integral. Then, after 
introducing the explicit forms of the dissipation functions, (8c-24a) and (8c-24b), the 
acoustic energy continuity relation becomes 
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where it is understood that only the time-independent parts of each side of (3c-67a) 
are to be retained. The algebraic complexity of dealing with (3c-67a) is considerably 
abated by considering only plane waves, for which case the running subscripts each 


reduce to unity and can be dropped. The plane-wave form of the acoustic-energy 
relation then becomes, after introducing P as an implicit variable in V7, 


~ pu) _ «(33) (2 3) +90 ( =) (3c-676) 


in which 7V has been written for 7’ + 2m [cf. (3c-10)]. The thermal dissipation term 
can then be maneuvered into more suggestive form by further manipulation involving 
the equation of state 7 = T(P,p) and various thermodynamic identities including the 
useful relation that holds for all fluids, T782c? = C,(y — 1). This leads, still without 
approximation, and with the time average explicitly indicated, to 


ce ope), a (n v(# st) ) 4 (ox [(ec?/Kr) — tet are (2 2) ) | (3c-68) 
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It can now be observed that p, u, and their derivatives must be known throughout 
the sound field in order to evaluate the sound energy flux and the dissipation functions 
that make up (3c-67a) or its reduced form (8c-68). On the other hand, if these field 
variables are known explicitly, the effects of dissipation will already be in evidence 
without recourse to (3c-68). Such a continuity equation for acoustic energy is there- 
fore redundant, as might have been expected inasmuch as the conservation of energy 
has already been incorporated in the basic equations (3c-5), (8c-15), and (3c-23). 
Nevertheless, (3c-68) retains some logical utility as an auxiliary relation, even though 
it no longer needs to be relied on for the pursuit of absorption measures, at least for 
plane waves. 
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Exact Solution of the First-order Equations. An exact solution of the complete 
first-order equations (3c-26a), (3c-26b), (3c-26c) for the plane-wave case, and a defini- 
tive discussion of its implications, have been given recently by Truesdell.1_ The specific 
problem considered is that of forced plane damped waves in a viscous, conducting fluid 
medium. It is assumed that each of the first-order incremental state and field 
variables can be described by the real parts of 


U1 = U19e)“e (at ik) x (3c-69) 


and of similar equations for pi, 91, 6:1. It is assumed that (uw1),-9 = wie’? is the 
simple-harmonic velocity imparted to the medium by the vibrating surface of a source 
located at x = 0, but the other amplitude coefficients may be complex in order to 
embody the phase angles by which these variables lead or lag u;. The exponent 
expressing time dependence is written +jwt, as required in order to preserve both the 
conventional form & + jX for complex impedances and the positive sign for inductive 
or mass reactance. The attenuation constant a and the phase constant k = w/c, or 
ko = w/co, are the real and imaginary parts of the complex propagation constant 
x =a + jk; and co = (@P/dp),3 is the reference value of sound speed. 

When the assumed solutions (3c-69) are systematically introduced in (3c-26a) ; 

(3c-26b), and (3c-26c), three algebraic equations in pi, u1, 61 are obtained, as follows: 
pola + jk)us —Jopr = 0 
2 
ieee — O(a + 5b) —(@ +58) |S Go + Boom) ] =O Gon 
y-1 

Bo 
If these equations are indeed to admit solutions of the assumed form (3c-69), the 
determinant of the coefficients of u:, pi, and 6; must vanish. The characteristic or 
secular equation formed in this way (Kirchhoff, for perfect gases, 1868; extended to any 
fluid with arbitrary equation of state by P. Langevin?) turns out to be a biquadratic 
in the dimensionless complex propagation variable (a + jk)/ko. Writing this out in 
full, however, will be facilitated by first considering the question of how best to specify 

the properties of the medium. : 

Dimensional Analysis and Absorption Measure. Examination of (3c-70) reveals 
that, in addition to (a + jk)/ko and the three independent variables, there are 10 
parameters that pertain to the behavior of the medium at the angular frequency w. 
One of these could be eliminated, in principle at least, by using the relation 782c? = 
(y — 1)C>, leaving 9 that are independent: Cy, C., 7, 7’, x, po, Co, g, and w. Then, 
since each of these can be expressed in terms of 4 basic dimensional units (e.g., 
mass, length, time, and temperature), it follows from the pi theorem of dimensional 
analysis’ that just 5 independent dimensionless ratios can be formed out of combina- 
tions of these 9 parameters. This leads to a functional expression of the absorption 
measure in the symbolic form 
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The first two ratios have already been incorporated in y and the viscosity number 
UV = 2 + 7’/n; the third is the Prandtl number @ = 7C,/«, and the fourth and fifth 


can be identified as Stokes numbers S = wy/poco? and S’ = w/q. The present purpose 


1C, A. Truesdell, Precise Theory of the Absorption and Dispersion of Forced Plane 
Infinitesimal Waves According to the Navier-Stokes Equations, J. Rational Mechanics 
and Analysis 2, 643-741 (October, 1953). 

2 Reported by Biquard, Ann. phys. (11) 6, 195-304 (1936). 

3K. Buckingham, Phys. Rev. 4, 345 (1914); Phil. Mag. (6) 42, 696 (1921). 
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is served somewhat better by substituting for the third and fourth ratios their products 
with the dimensionless viscosity number, thus defining a frequency number X and 
thermoviscous number Y through 


wnV 
poco” 


= (PU) = oe. o> soot. (80-72) 


X =VUS = 


The frequency parameter X also provides a natural criterion for designating fre- 
quencies as “low,” “medium,” or “high” according to whether X is much less than, 
comparable with, or Touch se than unity. It may also De noted that, for nearly 
perfect gases, polo” + Po, from which it follows that X gas = (w/Po)(7V/y). Hence 
variation of pressure may be used to extend in effect the accessible range of frequency 
in measurements on gases, and the ratio w/Ppo is a. proper parameter in terms of which 
to report such results. 

Solutions of the Characteristic Equation. If the dimensionless ratios discussed above 
are now introduced in the expanded determinant of the coefficients of (3c-70), the 
resulting Kirchhoff-Langevin secular equation can be written as 
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The standard “quadratic formula”? can be used at once to solve (3c-73) for the 
reciprocal square of the propagation constant; 
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Skillful abbreviation might allow this complete solution to be carried somewhat 
further but no algebraic magic can lighten very much the ‘burden of depicting the 
behavior of a and k as a function of four independent parameters—and it might have 
been five but for the welcome fact that U does not appear except as embodied in X and 
Y. Moreover, each parameter that does appear in (3c-74a) occurs in one or more 
product combinations, and hence it can not be assumed in general that the effects of 
viscosity. and heat exchange will be linearly additive. The common practice of 
assessing these one at a time and then superimposing the results must therefore be 
considered unreliable unless justified explicitly and quantitatively. Nevertheless, 
something must give, and it is customary to abandon first the radiant-heat exchange, 
at least temporarily, by letting S’ become infinite in (3c-74a). With this simplifica- 
tion, and with some new abbreviations, (3c-74a) becomes 


-2 (Be) =1 45x04 y¥) £1 - X80 — v¥) + 2XII - @ - YT 
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This equation has two pairs of noncoincident complex roots, but only the one of each 
pair that hasa nonnegative real part corresponding to real attenuation is to be retained. 
These two physical solutions comprise the two branches of a complex square root; one 
branch pertains to typical compressional sound waves identified as type I, the other 
to so-called thermal waves identified as type II. It is an unwarranted oversimplifiea: 
tion, however, to describe these simply as “pressure”? waves and ‘‘thermal” waves 
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inasmuch as all the state and condition variables—pressure, density, velocity, tem- 
perature, heat flux, etc.—are simultaneously entrained and propagated by each wave- 
type, and waves of both types are always excited simultaneously by any source. On 
the other hand, the absorption and dispersion measures for waves of type I and type II 
will, in general, be quite different and will vary differently with the frequency parame- 
ter X and with the thermoviscous parameters y and Y that characterize the fluid. 
For example, type II waves are so rapidly attenuated in ordinary fluids at accessible 
frequencies that they cannot be observed, whereas in strongly conducting liquids such 
as mercury (and perhaps in liquid helium II) the absorption for type II waves becomes 
less than for type I waves when the frequency is high enough for X to exceed = 

It should be noticed, parenthetically, that if the basic first-order equations (3c-70) 
had not been restricted to plane waves, the last term of (3c-26b) would not have 
dropped out. Instead, there would have turned up eventually in (3c-70) @ pair of 
terms in the first-order vector velocity potential A; [see (3c-55)] on the basis of which 
it would have been predicted that still another type of allowed wave motion can exist 
in viscous fluids—a transverse viscous wave that is propagated by virtue of the trans- 
verse shear reactions due to viscosity. 

Viscothermal Absorption and Dispersion Measures. The problem of branch deter- 
mination arising in the solution of (3c-64b) has been discussed thoroughly by Trues- 
dell.? One view of it can be expressed by mune the formal solution in the explicit 
form 

a A _ H 2(G2 + H 2 
2G = 1 + f(h)(+£}) 2H = X(1+ yY) + (sgn F)g(h)(+E8) (3c-75a) 


(upper signs yield type I waves, lower signs type II waves) 
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(30-75b) 


where the plus signs associated with roots denoted by fractional exponents indicate 
that the principal or positive root is to be used. The solution (3c-75a) can now be 
attacked frontally, either by means of power-series expansions for large or small 
values of X, or by resorting to brute-force numerical computation for intermediate 
frequencies. The several square-root operations on complex quantities required by 
' the latter procedure are often facilitated by using the f and g functions defined by 
(3c-75b), for which the principal values have been tabulated. | 
The clue to a basis for classifying fluids according to their viscothermal behavior is 
afforded by noWng that the algebraic sign of F appears in (3c-75a) in such a way as to 
interchange the wave types when F changes sign, and that this occurs when (2 — a) Y 
passes through unity. On this basis, one may categorize fluids as strong conductors if 
Y is greater than (2 — y)~!. The contrary alternative can be further subdivided 
usefully? into weak conductors for which Y is less than y—1, and moderate conductors 
for which Y has intermediate values. Most liquids (including the liquefied noble 
gases) qualify as weak conductors, most gases as moderate conductors. On the other 
hand, the fact that mercury, the molten metals, and liquid helium II rank as strong 


1 Rayleigh, ‘“Theory of Sound,” vol. IT, §§347; Mason, Trans. ASM E 69, 359-367 (1947); 
Epstein and Carhart, J. Acoust. Soc. Am. 25, 553-565, [557] (1953). 

2C. A. Truesdell, Precise Theory of the Absorption and Dispersion of Forced Plane 
Infinitesimal Waves According to the Navier-Stokes Equations, J. Rational Mechanics 
and Analysis 2, 643-741 (October, 1953). . 

3G. W. Pierce, Proc. Am. Acad. Arts Sci. 57, 175-191 (1922). 
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conductors emphasizes the value of including a wide range of parameter values in any 
general survey of thermoviscous behavior. 

For weak or moderate conductors, the absorption and dispersion measures for type 
I waves at moderately low frequencies can be expressed with any desired precision by 
means of ee expansions in the frequency number X: 


ay meat {x8 + 10(y — DY — (y — 1)(7 — 87) ¥?] + 0(X*) 
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Note that a/k = a\/21 = A/2zx, where A is the amplitude attenuation per wave- 
length, and that a/ko is similarly related to the attenuation per reference wavelength 
Xo. The series (3c-76) can be used with confidence for almost any values of y and Y 
so long as the frequency is low enough to keep X < 0.1, and for a somewhat wider 
range of X when certain restrictions on y and Y are satisfied.! 

On the other hand, for frequencies high enough to make X~? < 1, the absorption 
and dispersion are given, within O(X : by 
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It can be inferred at once from (3c-77) that, for sufficiently high frequencies, dis- 
persion is always anomalous (i.e., speed increases with frequency) regardless of and 
Y; that a/k = A/2m approaches the limit 1, and that a/ko and Ao recede to zero as 
the actual wavelength decreases with respect to the reference wavelength do. It also 
follows, from comparison of this result with (8c-763), that as frequency increases, 

= A/rX = Ao/do will always have at least one maximum that 1s characteristic of visco- 
thermal resonance. The frequency at which this resonance occurs lies in the range 
X = 1 to 1.7, but the peak is relatively broad and flat and often cannot be located 
experimentally with high precision. . 

It can also be deduced from (3c-77) that the asymptotic speed of sound at very high 
frequencies will always be determined by viscosity alone, without regard for the form 
of the equation of state; thus, 
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Under the same limiting conditions, the asymptotic speed of type II, or “thermal,” 
waves is similarly determined by thermal conductivity alone, according to 

2wK 
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The steady increase of c’ with w3 predicted by (3c-78b) has sometimes been cited as 
a basis for denying that second sound in helium II, which displays small dispersion and 
low attenuation,? can be a type II thermal wave of the sort predicted by viscothermal 
1 Truesdell, J. Rational Mechanics and Analysis 2, 643-741 (October, 1953). 


2 Peshkof, J. Phys. (U.S.S.R.) 8, 381 oe 10, "389-398 (1946); Lane, Fairbank, and 
Fairbank. Phys. Rev. 71, 600-605 (1947). 
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theory. This conclusion is probably correct but the argument is faulty inasmuch as 
the vanishing viscosity of the superfluid would make it more appropriate to use as a 
type criterion the behavior predicted for the limiting condition X > 0. Thus, if the 
Kirchhoff-Langevin secular equation (3c-73) is reduced by letting X — 0 while XY is 
held fixed, and if XY is then allowed to increase indefinitely as required by the super- 
conductivity of helium II, what is left of (8c-73) does have a pair of roots for which the 
attenuation vanishes and the speed is nondispersive, viz.,a = Ay = 0, and ec = ¢o/y}. 
This result looks, at first sight, like just an isothermal velocity for type I waves, as 
might be expected to prevail if uniform temperature were enforced by infinite con- 
ductivity. On the other hand, the wave types would be expected to interchange, 
according to (3c-75a), as Y becomes very large; and one has also to deal with the 
standing conclusion that any viscosity however small will eventually take over control 
of dispersion when X departs sufficiently from zero. These remarks are intended to 
emphasize primarily the fact that the problem of branch determination, or type 
identification, under such extreme circumstances needs probably to be attacked by 
considering the relative rates at which the various limiting conditions are approached. 
Other considerations need also to be taken into account, of course, in dealing with the 
two-fluid-mixture theory of liquid helium; but it seems clear that further inquiry is 
warranted concerning the relevance of classical viscothermal concepts now that a more 
exact theory of these effects is available. 

The Kirchhoff approximation for weak or moderate conductors at low frequencies 
can be obtained directly from (8c-76) by neglecting terms in X? or higher. The dis- 
persion is thereby predicted to be negligible, so that c = co; and the “Kirchhoff”? 
attenuation ax is given by 
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If the Stokes relation is then presumed, by setting U = $ (which neither Kirchhoff 

nor Stokes himself did in this connection), (3c-79a) becomes 
— 2 mi Gees 
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The absorption predicted by (3c-79b) is commonly, but not very appropriately, 
referred to as ‘‘classical’’; but such an emasculated theoretical prediction neither 
accounts adequately for the attenuation observed experimentally, except in the case 
of a few monatomic gases, nor does it do justice to the essential content of the classical 
theory of viscous conducting fluids. 

Even when terms through X? are included, no change occurs in the odd function 
a/ko, but dispersion is then predicted according to (3c-76;) which accounts for the 
second-order effects of both compressional and shear viscosity, heat conduction, and 
their interaction. This dispersion is anomalous for weak or moderate conductors 
(small Y) but becomes normal if the speed-reducing influence of thermal conductivity 
becomes large enough to make (7 — 37)¥Y > 10. On the other hand, if heat exchange 
were to be ignored altogether, the first two terms of (3c-76,) would give, for the dis- 
persion due to viscosity alone, | 
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Absorption and Dispersion Due to Heat Radiation. The effects of heat exchange by 
radiation, which were abandoned above in order to make (3c-74) more manageable, 
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can now be assessed by reverting to (3c-73). The nonlinear interaction between 
radiation and viscosity will be neglected, for the sake of expediency, even though 
(3c-74) suggests that it may be as large as second order. The primary effects of 
viscosity and heat conduction can be eliminated from (3c-73) by letting both X and 
XY go to zero while holding the frequency variable S’ = w/q finite. This reduces the 
characteristic secular equation to the simple quadratic form — | 


eres: (“Z") (yS’ — jf) =0 - (3e-81) 


which can be solved directly to yield the following exact a for the attenuation 
and dispersion due to radiation alone: 
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These equations indicate that both attenuation and dispersion become vanishingly 
small for either very large or very small values of S’, and that a maximum of attenu- 


ation occurs in mid-range, near the single point of inflection of the dispersion curve. 
This Suserpuon peak is eharacteriaed by | 
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There is a curious dearth of quantitative information concerning the radiation 
coefficient g, and little is added to this by noticing the low attenuation and negligible 
dispersion observed for a wide range of audible sounds in air since these might corre- 
spond to values of S’ either far above or far below the resonance peak described by 
(3c-83). The choice S’ > 1 is unambiguously dictated, however, by the fact that the 
observed speed of sound is very close to the isentropic value co, whereas (3c-825) indi- 
cates that the isothermal speed co/y? would prevail if q were large enough to make S’ 
small for all audio frequencies. ‘Truesdell! has pointed out that these conclusions 
leave still in effect a prediction that at some lower subaudible frequency a peak of 
attenuation should appear with a magnitude Ay = 0.185a (~5 db per reference wave- 
length). This absorption peak has not been observed yet, at least deliberately, 
although its possible bearing on the acoustical character of thunder might be worth 
investigating. 

Relaxation Processes and Sound Absorption. The foregoing analysis of heat 
exchange by radiation puts in evidence the first example of what would now be called 
a typical relaxation process.. The characteristic feature of such a process, in so far 
as the gross hydrodynamical response of the medium is concerned, is the existence of 
two relations among the state variables, one of which prevails asymptotically for slow 
variations, the other for rapid changes. Such bivalent behavior is typical of fluid 
mixtures containing two interacting components, such as a partly dissociated gas? or 
an ionic solution.? In these cases the relative concentrations of the two components 
either follow faithfully, in quasi-static equilibrium, the dictates of slowly changing 
external variables, or else, at the other asymptotic limit, they do not change at all 

4C. A. Truesdell, J. Rational Mechanics and Analysis 2, 643—741 [666] (October, 1953). 


2 Binstein, Sitzber. deut. Akad. Wiss. Berlin Math.-Phys. Kl. 1920, 380-385. 
3 Liebermann, Phys. Rev. 76, 1520-1524 (1949). 
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when the finite reaction rate is such that the external variables can complete cyclic 
changes too rapidly for the concentrations to “follow.” A different but comparable 
kind of mixture is exemplified by an ensemble of atoms or molecules capable of being 
excited to different energy levels, of which the most common example is a diatomic gas 
in which the rotational degrees of freedom may or may not share the cyclic work of 
compression depending on whether an appropriately normalized frequency variable 
is “low” or “high.” 

The physical problem of characterizing the rate-dependent properties of mixtures 
can be studied without regard for its acoustical consequences, and various approaches 
to this problem have turned on the assignment of two or more different internal or 
‘“‘partial’’ temperatures, different compressibilities, specific heats, etc. All the 
physical theories of pure relaxation appear to converge, however, in predicting the 
same acoustical behavior; viz., at-low frequencies an asymptotic speed of sound ca 
transition region of anomalous dispersion (dc/dw > 0) within which a maximum of 
attenuation occurs, and at high frequencies an asymptotic sound speed c’ which can be 
related to c° by writing K = c°/ce <1, where K is a material constant of the two- 
component medium. It follows then that, when the constant K and a dimensionless 
frequency variable X’ can be properly identified and interpreted in terms of the 
physical mechanism involved, the acoustical behavior for any pure relaxation process 
will be described exactly by the following expressions derived from (3c-82) and (3c-83) 
by substitution: 


(5) = 2(1 + X”2) 
Ney 14+ K2X? + (1 + KX) + XI 
. 1+Xx" 
~ 1+ K2xX” 
a (ol)? 10 — K%)x' 
BG) os ag ae vee 
(¢) _i-K (2) pie 
kJusc TK koJmax  [8(1 + K?)} 
, = c” , 3+ K? } 
Xmaxa = KN = Xmax ac = (3 73K) 


These equations revert exactly to (3c-82) and (3c-83) when the substitutions K? = v7}, 
and X’ = 7S’, are made, and when a factor y~! is introduced to convert the low- 
frequency reference speed c° to the usual isentropic reference Cp. 

The “resonance” frequency characterizing a relaxation process is usually defined 
as the angular frequency at which the maximum attenuation per wavelength, A = ah, 
occurs; thus, w, = 20/t, = (w/X’)X'max a, where 7, is the related “relaxation period.” 
It has been pointed out that any mechanism of sound absorption can be interpreted 
as a relaxation phenomenon by suitably defining its relaxation time. For example, 
viscosity and heat-conduction “relaxation times’’ and their associated “resonance 
frequencies’ can be defined by writing 


28 XA $9 oe XY ik (3c-85) 


Wy w 3V polo” Wk w@ polo2C'p 


~ Note that w, is specified in such a way that it reduces to w/X when UV has the Stokes- 
relation value 3. When these relaxation frequencies are introduced in (3c-79) and 
(3c-80), the second-order dispersion and the Kirchhoff linear approximation for 


attenuation become 
3 3U0\2 w? 
= E Tey () =| 


wko | 2 + (vy — 1) 2] 
Wy OK 


° 
Il- 


(3c-86) 


QK 
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When the fluid medium consists of an ideal monatomic gas, the physical significance 
of the relaxation times 7, and 7, can readily be interpreted as the time required for 
subsidence of a momentary departure from the equilibrium distribution of energy 
among the translational degrees of freedom. In the classical kinetic theory of gases, 
this recovery time is shown to be approximately L/s, the mean free path divided by 
the mean molecular velocity.!. The conformity of the definitions (3c-85) with this 
concept can then be verified by recalling the kinetic-theory evaluations of viscosity 
ln = x0L], thermal conductivity [(k/Cp) = (5/4 7)p0L], and the speed of sound 
[c = 0.740]. These considerations show, incidentally, that for such a gas the attenu- 
ation per reference wavelength is contributed almost equally by viscosity and heat 
conduction, and is proportional to the ratio of mean free path to wavelength. 

The precise physical significance of 7, and 7, is less obvious for polyatomic gases and 
liquids; but if this is glossed over, the frequency ratios 37 Vw/wr, Hwy /w.0, and Brw/o, 
can be substituted directly for X, Y, and XY in any of the viscothermal relations 
deduced above. Merely introducing these “relaxation”? frequencies, however, does 
not invest heat conduction or viscosity with any new or different relaxation-like 
properties, and the exact viscothermal theory, in whatever symbols expressed, con- 
tinues to predict that sound speed will increase indefinitely with frequency, that Ao 
will display a typical broad maximum for some X in the range 1 to 1.7 (depending on 
the thermoviscous parameters y and Y), that (Ao)max will always have about the same 
magnitude (a/ko =~ 3), and that the peak in A» can be made to occur at any chosen 
actual frequency by suitable assignment of the viscosity number VU. [ef. (3c-72), 
(3c-85)]. In contrast with this behavior, a pure relaxation phenomenon would call 
for the sound speed to level off at the high-frequency limit given by K™, and would 
display a maximum in Ao that increases in height and retreats toward higher fre- 
quencies as the speed increment c* — c® increases and K varies from 1 toward zero. 

Allusion has already been made to the established fact that measured values of 
attenuation usually exceed the “classical” prediction (3c-79b) and often exhibit one 
or more maxima at finite frequencies. As a matter of fact, even when the complete 
consequences of the classical theory are taken into account, and when the viscosity 
number is adjusted to make the predicted attenuation at low frequencies correspond 
with experiment, the classical viscothermal theory still fails to account for all the 
experimental facts, but for a reason that is just the opposite of that usually advanced, 
namely, because it then predicts too much attenuation at the resonance peak and at 
higher frequencies! In spite of this latent contradiction, the alleged failure of 
“classical”? theory as represented by (8c-79b) (which is, after all, only part of an 
approximate solution of the linearized first-order equations) has stimulated widespread 
efforts to repair its deficiency by invoking a wide variety of relaxation and other 
theories,? many of which have been marred by an ad hoc flavor that renders them little 
more than examples of ingenuity in curve fitting. 

Measurements of absorption and dispersion in rarefied helium gas over a wide range 
of the frequency variable S have confirmed in all essential details the pattern of 
behavior predicted by the exact viscothermal theory.’ Unless the classical concepts of 
viscosity and heat conduction are to be abandoned altogether, therefore, logic demands 
that the exact viscothermal theory be accepted as the foundation on which to erect 
any more complete analysis of sound absorption in media less idealized than rarefied - 


1 Jeans, ‘Dynamical Theory of Gases,’’ 2d ed., pp. 260-262, Cambridge University 
Press, Cambridge, England, 1916. 

2 For reviews of what has been called the “exuberant literature’’ dealing with relaxation 
and other theories of sound absorption, see Kneser, Ergeb. exakt. Naturwiss. 22, 121-185 
(1949); Markham, Beyer, and Lindsay, Revs. Modern Phys. 23, 353-411 (1951); Kittel, 
Phys. Soc. (London), Repts. Progr. in Phys. 11, 205-247 (1948); see also, for background, 
W. T. Richards, Revs. Modern Phys. 11, 36-64 (1939). 

3 Greenspan, Phys. Rev. 75, 197-198 (1949); J. Acoust. Soc. Am. 22, 568-571 (1950). 
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helium. A good many “honest”’ relaxation mechanisms do exist and must be 
accounted for, but in the accounting these effects should presumably be regarded as 
factors perturbing the fundamental thermoviscous behavior rather than the converse. 
The two-fluid-mixture theory of relaxation effects seems best adapted for inclusion in 
such a compound analysis, and a start in this direction has already been made.! 
Much remains to be done, however, before this basic acoustical problem can be said 
to be understood. 7 

3c-10. Characteristic Acoustic Impedance of a Thermoviscous Medium. When the 
first-order sound pressure p; is put back into (3c-702) [by tracing its last term back 
through (3c-251:)], this equation of motion can be rewritten at once in terms of the 
specific acoustic impedance, as follows: 


[po — (a + jk)? V]ur — (a + jk)pr = 0 
a = Z = jkpoc(a + jk)! — 7V(a + jk) 


_ < SON 3 on (2) (. -32) - 
= poe (1 if) jose “TS (22) 1—Jjr). (3c-87) 


_f{ =e =) oh co\? ee cs 
pour (: if) ix (2) (: if) 


The normalized specific impedance, or specific impedance ratio, (pi/pocu1) = z, which 
would be unity in the nondissipative case, is now in a form to be evaluated by direct 
substitution of the series expansions (3c-76). After some manipulation, and retaining 
only terms through X? and Y2, the impedance ratio can be put in the form 


de emg coy] le _ x (e0\' 
an elet+ x (2)'] +, ¢ x (2) 


1-5 X43 + 4y — DY + y — V4 + O(%4) 


= 
! 


—Jj {5 AX{1 — (y —1)Y] + ox} (3c-88) 


It follows that sound pressure lags the particle velocity when (7 — 1)x/n VC, is less 
than unity, as it is for the common fluids under ordinary conditions; but pressure leads 
the particle velocity when the ratio of heat conductivity to viscosity is high enough to 
make (y — 1)k > UC». 

3c-11. Thermal Noise in the Acoustic Medium. The mode of motion that is heat 
furnishes a restless background of noise that underlies all acoustical phenomena. The 
magnitude and nature of this thermal noise can be assessed by appealing to concepts 
drawn from such apparently unrelated sources as architectural acoustics, elementary 
quantum theory, and the classical kinetic theory of gases. 

The scheme of analysis can be described simply: the thermoacoustic noise energy 
density, as measured by the mean-square sound pressure, is set equal to the density 
of the internal energy of thermal agitation associated with the translational degrees 
of freedom of the molecules composing the medium. It is then postulated that these 
molecular motions of thermal agitation can be regarded as a vector summation of the 
motions associated with a three-dimensional manifold of compressional standing ~ 
waves, each behaving as it would in an ideal continuous medium having the same 
gross mechanical and elastic properties that characterize the actual medium. Each 
of these standing-wave systems thus constitutes an allowed, thermally excited, normal 
mode of vibration, or degree of freedom, to which can be assigned, in accordance with 
elementary quantum theory, the average energy 


1Z, Sakadi, Proc. Phys.-Math. Soc. Japan (3) 28, 208-213 (1941); Meixner, Acustica 
2, 101-109 (1952). 
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Energy hf 


Mode ~ exp (hf/kT) —1 (3c-89) 


where h is Planck’s constant, k is Boltzmann’s constant, 7’ is the absolute temperature, 
and f is the frequency in cycles per second. 

_ The incremental number of such energy-bearing modes of vibration is given by the 
count of normal frequencies lying between f and f + df; and this is given, as in the 
theory of room acoustics,! by 


an = (+ +) a (30-90) 


where V is the volume, S the total surface, and Z the sum of the three dimensions 
of the region under consideration, and where the three terms represent, respectively, 
the normal-frequency “‘points’’ distributed throughout the volume, over the coordi- 
nate planes, and along the coordinate axes of an octant of frequency space. If the 
three dimensions of the region are not too disparate, S can be approximated by 6V4, 


and L by 3V3, giving 
: 2 
an = S2UPes fi+2 + aa | (3c-91) 


ivi Sr V3 


For sufficiently high frequencies, this reduces to the classical expression (Rayleigh, 
1900; Jeans, 1905) for the distribution of normal frequencies, 


(3c-92) 


an aymptotic form that can be shown (Weyl, 1911) to be independent of the shape of 
V and rigorously valid in the limit when \ = ¢/f becomes small in comparison with V3. 

If attention is confined for the moment to finite frequency bands that do not include 
the lower frequencies, the incremental translational energy density of thermal agita- 
tion will be given by the product of (3c-89) and (3c-92). Then, by hypothesis, this 
can be set equal to the incremental energy density of the diffuse sound field, which is 
given by d((p?)/pc?), where p is the rms sound pressure; thus 


qe? (4nf2df /c*)hf 


qi exp (if/kT) — 1 | (80-93) 
= eee ae) 
exp (hf/kT) — 1 | 
= Pa |1 a + 75 3 (ey — +: ‘|, in) < 4x? (3c-94) 


The total energy density associated with all the allowed modes of vibration is then 
to be found by extending the integral of (8c-94) over all frequencies less than the upper 
limiting frequency for which the mode count [by (8c-92)] is Just equal to three times 
ny, the total number of molecules in unit volume. This upper frequency limit, fiim, is 
given, for either liquids or gases, by the integral of (3c-92); 

Mim — 4afiim? 


aia B8ny = 3A fim? = 


tM (3c-95) 


where A is Avogadro’s number (6.025 X 1076 molecules/kg mole), p is in kg/m3, and 
M is the molecular weight (numeric, 02 = 32). At ordinary room temperature, 
fiim ~ 2 X 10” c/s for air, ~4 X 10%? c/s for water. These frequencies are well 
outside the range so far accessible for acoustical experimentation and need not be 


1 Maa, J. Acoust. Soc. Am. 10, 235-238 (1939); Bolt, J. Acoust. Soc. Am. 10, 228-234 
(1.939). 
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considered further except when the foregoing notions are used as the basis for a theory 
of specific heats, in which case it is necessary also to take into account vibrational 
and rotational degrees of freedom, and to reexamine the equilibrium statistics that 
underlie (3c-89). Note in passing that the phonon of specific-heat theory merely 
identifies the burden of internal energy carried by each of the normal modes of vibra- 
tion postulated above. 

Within the ranges of frequency and temperature ordinarily of interest in the assess- 
ment of thermal noise, the exponent hf/kT is so small that even the linear term in the 
series expansion of (3c-94) can be omitted. This amounts to a reversion to the 
classical analysis of energy partition in continuous media! and to the assignment of an 
energy kT to each allowed mode of vibration. With this simplification, (3c-94) can 
be integrated at once to yield the mean-square sound pressure, in the frequency band 


fe ~~ fi, as 
(p?) = = wk : (fo? — 13) (newtons/m?)? (3c-96) 


in which Boltzmann’s constant k = 1.380 X 10-23 joule/deg Kelvin, T is in degrees 
Kelvin, pinkg/m’, andcinm/sec. To facilitate computation, it is useful to rearrange 
(3$c-96) in the following forms: 


Prms = 1.3 X 10°! (2) E- (f23 net fa) |’ newtons /m? (3c-97a) 
(prms)air = 0.76 X 10719 E- (fe? — 8) |’ dynes/em? = ub (3c-97) 
(Prms) sea water = 10.6 K 10710 Ee (f23 = 8) |’ pb (3ce-97c) | 


in which the constants have been adjusted to make the temperature factor reduce to 
unity at 20°C, and where p/c has been taken as 0.00345 for air and 0.67 for sea 
water. It follows, for example, that the rms thermal noise pressure, for the wide-range 
audio-frequency band extending to 19 ke/s in air, is just equal to the reference sound 
pressure, Po = 0.0002 ub. 

The power spectrum of thermal noise can be deduced from either (3c-94) or (8c-97b) 
and may be expressed as a sound spectrum level by writing 


d((p*)/p2)\ | Ank Tf? 
10 logio (koi) = 10 logio ae 


Bauoise = 
af CPo 
T 
= 10 logio | 4.33 x 1077 (fice/s)? a5 | 
= —63.6 + 20 log10 fic/s + 10 logio 553 db (3c-98) 


Note that this noise spectrum is not “white’’ but has instead a uniform positive slope 
of 6 db/octave, corresponding to an rms thermal-noise sound pressure that is directly 
proportional to frequency. On the other hand, for frequencies low enough to make 
the additive “correction” terms of (8c-91) significant, the noise spectrum level tends 
increasingly to lie above the +6 db /octave line as the frequency approaches the low- 
frequency cutoff at which only the gravest mode of vibration can be excited. The 
noise spectrum level can also be expected to vary erratically as the low-frequency limit 
is approached and the population of normal frequencies becomes sparse, in much the 
same way that the steady-state pressure response of small rooms varies irregularly 
with frequency when only a few normal modes of vibration are available for excitation. 
It does not follow, however, that thermal noise in such a small enclosure could be 


1 Jeans, ‘“‘Dynamical Theory of Gases,” 2d ed., pp. 381-391. 
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“quieted” by the application of sound absorbents. The boundary surfaces, without 
regard for their acoustical character, will always reach the same radiative equilibrium 
with the interior medium if both are at the same temperature; otherwise there would 
be a net flow of thermal ‘noise’ energy across the boundaries in the guise of ordinary 
heat transfer. 

The possibility that thermal noise might be the factor that limits human hearing 
acuity can be assessed with the help of (3c-98). If the critical-band theory of masking 
by wide-band noise continues to hold for subliminal stimuli, the effective masking 
level of thermal noise can be found by adding, at any frequency, the critical bandwidth 
(expressed as 10 logio Af.) and the spectrum level given by (3c-98). Comparing this 
result with the binaural threshhold for random incidence then leads to the conclusion 
that thermal noise remains about 11 to 13 db below threshhold at the frequency of 
greatest vulnerability (ca. 3 to 5 kes), even for young people with exceptionally acute 
hearing. On this basis human hearing might be assigned a ‘‘noise figure” of approxi- 
mately 12db. It is probable that some at least of this failure to achieve ideal function 
can be ascribed to internal noise of physiological origin. The near miss on thermal 
noise limiting gives comforting reassurance, however, that not more than a few decibels 
of additional hearing acuity could be utilized effectively by humans even if biological 
adaptation were to make it available. 


3d. Acoustic Properties of Gases 
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A number of the physical properties of a gas are important in determining its 
acoustic characteristics. These include density, pressure, temperature, specific heats, 
coefficients of viscosity, etc. These properties, and others, are presented and dis- 
cussed below in detail. 

3d-1. Density. The density po of a number of common gases at standard tem- 
perature and pressure is given in Table 3d-1. The density at any temperature and 
pressure can be obtained from the expression 


_ ( P ) (278.18) 
p= P°\ 760 T 


where P is the barometric pressure in millimeters of mercury and. 7’ is the absolute 
temperature in degrees Kelvin. 

3d-2. Atmospheric Pressure and Temperature. The atmospheric pressure and air 
temperatufes, and consequently the air density, vary with elevation above the surface 
of theearth. Table 3d-2 gives the air pressure, temperature, and density as a function 
of elevation as compiled by Humphreys! and others where indicated. 


1 ‘“‘Fandbook of Chemistry and Physics,’’ 37th ed. Chemical Rubber Publishing Com- 
pany, Cleveland, 1954-1955. 
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TaBLE 3d-1. DENSITY po (O°C, 1 atm) 


Gas Formula 


Carbon dioxide........... 
Carbon monoxide......... 


Chlorine................. 


Ethylene................. 


Nitric oxide.............. 


Nitrogen................ - 


Propane :s 24 408 4634 nae: 
Sulfur dioxide............ 


Steam (100°)............. 


~§$ = Smithsonian Tables, 9th ed., 1954. 
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C = J. H. Perry, ‘‘Chemical Engineers’ Handbook,”’ 


New York, 1950. 


po, g/liter 


. 2929 
.2920 S 
.7710 
.7598 S 
.7708 C 
1837 


782 8 


. 7828 C 
.9769 
.9630 8 
. 2504 
.2492 8 
.214 

. 1638S 
. 2204 C 
. 3566 

. 2604 

. 17847 
.08988 » 
.539 


5203 8 


.7168 

.7152 8 

.90035 

.8713 C 

3402 

.38388 § 

.25055 

.2568 S (atm) 
-2499 S (chem) 


9778 


.42904 
A277 S 
.0096 


0208 


. 9269 
.858 8 
. 5980 


po, lb/ft? 


0. 
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03071 


0.0806 S 


cooocooocooococoeoocjceoeoococooccocooocoocoeoocoocococoooco;°o 


.04813 
.04742 § 
.0482 C 


11135 


111258 
1114 C 
.12341 
.12258 
.07806 
0779 S 
. 2006 
19748 
.2011 C 


08469 
07868 


.01114 


005611 
09608 
0949 § 
04475 
04462 S 
95621 


le Cc 


8367 


.0836 S 


07807 


.07846 S 
.07803 S 


1235 


.08921 
.08915 § 
. 1254 
.1261 5 
.1827 
.1784 5 
.0373 


3d ed., McGraw-Hill Book Company, Ine., 


At 0°C a 760-mm column of mercury exerts a pressure of 1.01325 K 106 dynes/cm?. 


This is standard atmospheric pressure. 


When determining the atmospheric pressure 


using a mercury barometer, account must be taken of the thermal expansion of 
mercury, and the thermal expansions of the glass container and metallic scale. 


3d-3. Specific Heat. 


at constant pressure, and y, the ratio of C, to C,, are given in Table 3d-3. 


For several common gases the values of C5, the specific heat 


C, is the 


specific heat at constant volume. Cy, is expressed in calories per gram. 
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TABLE 3d-2. ATMOSPHERIC PRESSURE, TEMPERATURE, AND DENSITY 
AS A Function oF ELEVATION *f 


Elevation Summer Winter 
- . Tens Pres- Density Tens Pres- Density 

m Miles °C sure, dry air, oC sure, dry air, 

mm Hg g/cm3 mm Hg g/cm? 

20.0 12.4 —51.0 44.1 0.000092 —57.0 39.5 0.000085 
19.0 11.8 —51.0 51.5 0.000108 —57.0 46.3 0.000100 
18.0 11.2 —51.0 60.0 0.000126 —57.0 54.2 0.000117 
17.0 10.6 —51.0 70.0 0.000146 — 57.0 63.5 0.000137 
16.0 9.9 —51.0 81.7 0.000171 —57.0 74.0 0.000160 
15.0 9.3 —51.0 95.3 0.000199 —57.0 87.1 0.000187 
14.0 8.7 —51.0 111.1 0.000232 —57.0 102.1 0.000220 
13.0 8.1 —51.0 129.6 0.000270 —57.0 119.5 0.000257 
12.0 7.5 —51.0 151.2 0.000316 —57.0 140.0 | 0.000301 
11.0 6.8 —49.5 176.2 0.000366 —57.0 164.0 0.000353 
10.0 6.2 —45.5 205.1 0.000419 —54.5 192.0 0.000408 
9.0 5.6 —37.8 237.8 | 0.000470 —49.5 224.1 0.000466 
8.0 5.0 —29.7 274.3 0.000524 — 43.0 260.6 | 0.000526 
7.0 4.3 —22.1 314.9 0.000583 —35.4 301.6 0.000590 
6.0 3.7 —15.1 360.2 0.000649 —28.1 347.5 0.000659 
5.0 3.1 — 8.9 410.6 0.000722 —21.2 398.7 0.000735 
4.0 2.5 — 3.0 466.6 0.000803 —15.0 455.9 0.000821 
3.0 1.9 + 2.4 528.9 0.000892 — 9.3 519.7 0.000915 
2.5 1.6 + 5.0 562.5 | 0.000942 — 6.7 554.3 0.000967 
2.0 — 1.2 + 7.5 598.0 | 0.000990 — 4.7 590.8 0.001023 
1.5 0.9 +10.0 635.4 | 0.001043 — 3.0 629.6 0.001083 
1.0 0.6 +12.0 674.8 | 0.001100 — 1.3 670.6 | 0.001146 
0.5 0.3 +14.5 716.3 0.001157 0.0 714.0 | 0.001215 
0.0 0.0 +15.7 760.0 | 0.001223 + 0.7 760.0 


0.001290 


* ‘* Handbook of Chemistry and Physics,’”’ 37th ed. 
Tt See also Sec. 2m-8, pp. 2-127 to 2-128. 


$d-4. Viscosity. The coefficient of viscosity 7 of a number of gases is given in 
Table 3d-4. The units of 7 are dyne-seconds per square centimeter or poises. 

The ratio 7/p of viscosity to density occurs frequently and is known as the kinematic 
viscosity coefficient. It is usually designated by the letter v, and has the dimensions 
square centimeters per second, in the cgs system. For air, v = 0.151: cm?/sec at 
18°C and 760 mm of mercury. 

For a plane acoustic wave propagating in an unbounded gas a small attenuation 
will occur because of viscosity. The attenuation factor is e~%* for the pressure (or 
particle velocity) and 


_2nw? 2 ow 


On Be a oF 
where c is the speed of sound and w the angular frequency of the wave. 

3d-5. Thermal Conductivity. The thermal conductivity « of a number of gases Is 
given in Table 3d-5. The units of « are calories per centimeter-second-degree. 

The quantity «/pC, frequently appears in heat-conduction equations. It is often 
designated by the symbol a, and is called the coefficient of temperature exchange. 
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TasieE 3d-3. Speciric Hear at Constant PRESSURE Cp AND THE Ratio y- 
oF Cy, To THE SpEciFIc Heat at Constant VOLUME C,* 
[Cp (cal/g deg); y = Cp/C,] 
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Gas Temp., °C Cy Temp., °C Y 
UT is tees dv hes acetate Stl —120 (10 atm) 0.2719 —118 (1 atm) 1.415 
(20 atm) 0.3221 
(40 atm) 0.4791 | + 17 (1 atm) 1.403 
(70 atm) 0.7771 | — 78 (1 atm) 1.408 
— 50 (10 atm) 0.2440 | — 79 (25 atm) 1.57 
(20 atm) 0.2521 | — 79 (100 atm) | 2.20 
(40 atm) 0.2741 
(70 atm) 0.3121 
0 (1 atm) 0.2398 0 (1 atm) 1.403 
(20 atm) 0.2484 0 (25 atm) 1.47 
(60 atm) 0.2652 0 (50 atm) 1.53 
50 (20 atm) 0.2480 0 (75 atm) 1.59 
(100 atm) | 0.2719 17 (1 atm) 1.403 
(220 atm) | 0.2961 20 (3 atm) 1.41 
100 (1 atm) 0.2404 100 (1 atm) 1.401 
(20 atm) 0.2471 
(100 atm) | 0.2600 200 (1 atm) 1.398 
(220 atm) | 0.2841 
400 (1 atm) 0. 2430 400 (1 atm) 1.393 
1000 (1 atm) 0.2570 1000 (1 atm) 1.365 
1400 (1 atm) 0.2699 1400 (1 atm) 1.341 
1800 (1 atm) 0.2850 1800 (1 atm) 1.316 
Ammonia................ 15 (1 atm) 0.5232 15 (1 atm) 1.310 
ATYPON. ce ba wa dw 15 (1 atm) 0.1253 15 (1 atm) 1.668 
Carbon dioxide........... 15 (1 atm) 0.1989 15 (1 atm) 1.304 
Carbon monoxide........ : 15 (1 atm) 0.2478 15 (1 atm) 1.404 
Chlorine................. 15 (1 atm) 0.1149 15 (1 atm) 1.355 
PChANGs .6.c2 60 en bk page es 15 (1 atm) 0.3861 15 (1 atm) 1.22 
Ethylene................ 15 (1 atm) 0.3592 15 (1 atm) 1.255 
Helium......... —180 (1 atm) 1.25 —180 (1 atm) 1.660 
Hydrogen............... 15 (1 atm) 3.389 15 (1 atm) 1.410 
Hydrogen sulfide......... 15 (1 atm) 0. 2533 15 (1 atm) 1.32 
Methane................ 15 (1 atm) 0.5284 15 (1 atm) 1.31 
INCOME. C4 trol Gl eddie, tp hate aN | ata ho tne teeth I ce ne aes 19 (1 atm) 1.64 
Nitric oxide.............. 15 (1 atm) 0.2329 15 (1 atm) 1.400 
Nitrogen................ 15 (i atm) 0.2477 15 (1 atm) 1.404 
Nitrous oxide............ 15 (1 atm) 0.2004 15 (1 atm) 1.303 
ORY RON wh eevee uk oes 15 (1 atm) 0.2178 15 (1 atm) 1.401 
PYOPBING .hb43 Ge a dae ail! wie y caeniud toed oe ON ote teen Be 16 (0.5 atm) | 1.13 
DUCA oe cise oko elae Wace 100 (1 atm) 0.4820 100 (1 atm) 1.324 
Sulfur dioxide............ 15 (1 atm) 1516 15 (1 atm) 1.29 


* “Handbook of Chemistry and Physics,’’ 37th ed. 
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The reciprocal of a is often called diffusivity. In the egs system the units of a are 
square centimeters per second. For air a = 0.27 cm?/sec at 18°C and 760 mm of 
mercury. 

A plane acoustic wave propagating in an unbounded gas will be attenuated slightly 


TABLE 3d-4. COEFFICIENT OF VISCOSITY 7 FOR DIFFERENT GASES 
AS A Funcrion OF TEMPERATURE* 


a 


Viscosity, micropoises 


Gas Formula | Temp., °C (dyne-sec /om? X 10-5) 

PRUE eh: Se os Cte ene es ea —31.6 153.9 

0 170.8 

18 182.7 

40 190.4 

54 195.8 

74 210.2 

100 217.5 

150 238 .5 

200 258 .2 

300 294.6 

400 327.7 

500 358 .3 

APGON 2 6,6 ihc er a aI Aa eS A 0 209 .6 

23 221.0 

Carbon dioxide................. CO, 0 139.0 

20 148.0 

40 157.0 
Carbon monoxide............-.+.. CO 0 166 
15 172 
100 . 210 

Pen Gi 24 is on eee eae es He 0 186.0 

20 194.1 

TY dro gis ick ech bead een Sas He. | 0 83.5 

i 20.7 87.6 

NGO eins how eld Oak eee ae nae Ne 20 311.1 
Nitric oxide................2005- NO 0 178 

20 187 .6 

NUTPOCEN: b.35.25 et nee be ta Somes Ne 27.4 178.1 
Nitrous oxide................---- N2O 0 135 
OxV GCI 65. e tek e ee a Seema ae O2 | 0 189 

19.1 201.8 


127.7 256.8 


ce EE — 


* “ Handbook of Chemistry and Physics,’’ 37th ed., and ‘‘ International Critical Tables.” 


because of thermal-conduction effects. The attenuation constant a7 is 


K(y — 1)? 
yeC.c 


aT = 


where «/pC, is the coefficient of temperature exchange, y the ratio of specific heats, c 
the propagation velocity, and w the angular frequency of the wave. 
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3d-6. Speed (Velocity) of Propagation. The speed of sound for small sound 
amplitudes can be written exactly as! 


_ [aT gk 5 
eo E +5 | 


V? fa 
where f= — pF ave 
- (53). 
I~ \Rat)y | 
_ C, Tf (8p 
: = tl tas |. GR).a 


C.” is the specified heat for constant volume as the volume approaches infinity; M, 
the molecular weight of the gas, has been substituted for pV; and R, the gas constant, 
puts the equation in a useful form. The quantities f, g, h are dimensionless and differ 
only slightly from unity as determined by the imperfection of the gas. 


TaBLEe 3d-5. ToermMaut Conpuctiviry « or GaAsEs at 0°C* 
CL nS SY 


Thermal conductivity «x 


Gas normals at 0°C (cal/cm-sec-deg) 
PIE G8. Gaok Atk ele aetna 0.0548 X 10-3 
7.6 14 6) 1 aoe en ae a ee A 0.0387 x 107-3 
Carbon dioxide........... CO:z 0.0340 x 107-3 
Helium.................. He 0.344 xX 1073 
Hydrogen................ He 0.416 x 107-3 
IN COT oy gece ach culo ec Bove bee Ne 0.1104 x 107-3 
Nitrogen................. No 0.0566 X 1073 
Oxygen.................. Or» 0.0573 * 107-3 
Steam (100°C)............ H.O 0.0551 X 1073 (100°C) 


* Kennard, “‘ Kinetic Theory of Gases,’’ McGraw-Hill Book Company, Inc., New York, 1938, 


Thus if the molecular weight, the specific heat, and the equation of state are known, 
the velocity of sound under any conditions can be calculated. 

For an ideal gas, where PV = RT one can write 
where y = — 


_ [aT Rk >. RTy\i _ a) 
c= [57 i+e)| -(GF)-@ 
Cs 


The accepted value of co, the velocity at standard conditions of temperature and 
pressure, for a number of gases is given in Table 3d-6. 

The accepted value of the speed of sound in air, c, as calculated and checked on the 
average by several reported determinations is! 


Pp 


Co = 33,145 + 5 cm/sec 
co = 1,087.42 + 0.16 fps 


under the conditions (1) audible frequency range, (2) temperature at 0°C, (3) 1 atm 
pressure, (4) 0.03 mole per cent content of CO:, (5) 0 per cent water content. To 


1 See Hardy, Telfair, and Pielemeier, J. Acoust. Soc. Am. 13, 226 (1942). 
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TABLE 3d-6. SPEED (VELOCITY) oF SouND IN GasEs* 


Gas Formula | Speed, m/sec at 0°C Speed, fps at 0°C 

NAT ccietud ansehen eet a Laie 331.45 1,087.42 
Ammonia............-0-- NHs3 415 1,361 

RV POG 25 te evar rey Se A 319 1,046 

Carbon monoxide.........| CO 337.1 1,106 

Carbon dioxide..... i Mita tad COz2 258.0 (low freq.) 846 (low freq.) 

268.6 (high freq.) t 881 (high freq.) t 

Carbon disulfide.......... CSe 189 606 

CHIOriNG 45 25 cond eee eS Cle 205.3 674 
Hthylenes.4.2diac cehoew nae C.H, 314 . 1,030 

HOU .)4404d aden ouces He 970 3,182 
Hydrogen................| He 1,269.5 4,165 
Illuminating gas.......... Rue 490.4 1,609 
Methane.............-.-. CH, 432 1,417 

Neon....... gbsecer ee eee aed Ne 435 1,427 

Nitric oxide.............. NO 325 1,066 
Nitrogen................-| Na 337 1,096 

Nitrous oxide............. N.O 261.8 859 

OXY GON2 oe cin ee awocae seas Or 317.2 1,041 

Steam (100°C)............ H.O 404.8 1,328 


* “ Handbook of Chemistry and Physics,’ 37th ed., ‘‘International Critical Tables,” and J. Acoust. 
Soc. Am. 

+ “‘High frequencies’? means that the acoustic period is so short that the periodic changes in the 
vibrational heat constant cannot remain in phase with the other periodic changes as the sound wave 
passes through the gas. : 


calculate the speed of sound at various temperatures one can write 
Ry 4 \ T 

(GF 273.16 ) 273.16 

33,145 Ni oe aw cm /sec 
273.16 : 


os @ °C 
= 33,145 (1 + a3i6) em /sec (sa <K 1) 


where 7’ = absolute temperature 
°C = temperature, °C 
If the gas is made up of a mixture of gases or if water vapor is present the expression 


RT R\ |i 
c= [ar (: +e) 
can still be used to calculate the velocity. The molecular weight M of the mixture 
can be calculated, or, realizing that RT/M = p/p, the density of the mixture can be 
used. 

In addition to correcting M (or p) it is necessary to correct C, also. It is incorrect 
to take the weighted average of the ratio of the specific heats, y. The weighted 
average of the specific heats themselves must be used. 

For rough calculations of the variation with humidity or composition, it is probably 
sufficient merely to correct for the density of the mixture. 

3d-7. Characteristic Impedance. The characteristic impedance is equal to the 
ratio of the sound pressure to the particle velocity in a plane wave traveling in an 
unbounded medium. It is equal to the density times the velocity of propagation, 
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that is, pc. The variation of pc with temperature can be calculated from the expression 
Beets (72.18) a. acts 


where poCo is the value at 0°C and 1 atm pressure. For air poco = 42.86 dyne sec /cm?. 
Table 3d-7 contains values of poco for several common gases. : 


TaBLE 3d-7. CHARACTERISTIC IMPEDANCE po¢ OF ComMMON GasEs aT 0°C 
(273.16°K) TEMPERATURE AND 760 mm He Barometric PRESSURE 


polo, dyne-sec /cm? at 


Gas Formula 0°C, 760 mm Hg 


Ys] ange eae PO rN Orne 42.86 
APQOUN occ send olen e 56.9 
Carbon dioxide........... 50.8 
Carbon monoxide........ 42.1 
PICU soe seg asset adeatnees ace 17.31 
Hydrogen............... 11.41 
INGOD fe5-c ee ee eb hed es 38.5 
Nitric oxide............. 43.5 
Nitrogen................ 42.1 
Nitrous oxide...... 51.8 
Oxygen................. 45.3 


3d-8. Attenuation. In addition to the dispersion of sound due to wind, turbulence 
in the atmosphere, and temperature gradients, two properties of the medium combine 
to attenuate a wave which Is propagated in free space. The first of these attenuations 
is caused by molecular absorption and dispersion in polyatomic gases involving an 
exchange of translational and vibrational energy between colliding molecules. The 
second is due to viscosity and heat conduction in the medium. 

Knudsen! says that “the attenuation of sound is greatly dependent upon location 
and weather conditions, that is, upon the humidity and temperature of the air. The 
cold air of the arctic is acoustically transparent; the attenuation of sound is not much 
more than that attributable to viscosity and heat conductivity; . . . for the hot and 
relatively dry summer air of the desert, such as at Greenland Ranch, Inyo County, 
California, where the relative humidity may drop as low as 2.4 per cent, the attenu- 
ation at 3000 cps is 0.14 db/m, and at 10,000 cycles it is 0.48 db/m.” 

Data on the absorption of audible sound in air are valuable because they are needed 
to calculate the reverberation time for high-frequency sound in rooms, for determining 
the amplification characteristics of public-address systems for use outdoors, and for 
predicting the range of effectiveness of apparatus for sound signaling and sound 
ranging in the atmosphere. 

Kneser! has treated analytically the problem of absorption and dispersion of sound 
by molecular collision. He summarized his results in the form of a nomogram which 
has been reprinted along with comments by Pielemeier.? Pielemeier observes that for 

1'V. O. Knudsen, The Propagation of Sound in the Atmosphere—Attenuation and 
Fluctuations, J. Acoust. Soc. Am. 18, 90-96 (1946). 

2H. O. Kneser, The Interpretation of the Anomalous Sound-absorption in Air and 
Oxygen in Terms of Molecular Collisions, J. Acoust. Soc. Am. 5, 122-126 (1933); A Nomo- 
gram for Determination of the Sound Absorption Coefficient in Air, Akust. Z. 5, 256-257 
(1940) Gn German). 


8 W. H. Pielemeier, Kneser’s Sound Absorption Nomogram and Other Charts, J. Acoust. 
Soc. Am. 16, 273-274 (1945). 
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molecular absorption Kneser’s theoretical values are lower than Knudsen’s! experi- 
mental values for reasons not fully understood. — 

Kneser’s nomogram is reproduced in Fig. 3d-1. By means of it, the attenuation 
due to the molecular absorption can readily be found for any ordinary set of conditions 
of temperature, humidity, and frequency. For example, if the temperature is 15°C, 
and relative humidity is 50 per cent, first locate 15° on the temperature axis, trace left 
to the 50 per cent mark, then upward to the middle of the shaded area (upper left), 
then to the right to the proper frequency curve (3 ke in this case), then downward 
to the K scale. Next begin another tracing at 15°C toward the right until the lower 
right curve is reached, then trace upward to the log (M) +7 scale. Then join the 
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Fia. 3d-1. Nomogram for determining the attenuation in air caused by molecular absorp- 
tion. (From L. L. Beranek, ‘‘ Acoustics Measurement,” John Wiley & Sons, Inc., New York, 
1949; after Kneser.) 


end points of the two tracings with a straight line. The value of the molecular 
~ attenuation a, as read on that scale will be 12 db/km or 3.7 X 10-3 db/ft. The half 
width of the shaded band in the log X chart of Fig. 3d-1 represents the uncertainty 
in the log X values. Note that the band changes position slightly with temperature. 

The attenuation caused by heat conduction and viscosity of the air a, is not known 
so accurately. The classical absorption due to these causes has been thoroughly 
described by Lord Rayleigh? and was first derived by Kirchhoff and Stokes as the 
relation 


2 [4 
& =a, ber = ae E + (7 -—1) a | nepers/cm 


where w/2e = frequency in cycles per second; po = density in grams per centimeter 
1V. O. Knudsen, The Absorption of Sound in Air, in Oxygen and in Nitrogen—Effects 


of Humidity and Temperature, J. Acoust. Soc. Am. §, 112-121 (1933). 
2 Lord Rayleigh, ‘‘Theory of Sound,” The Macmillan Company, New York, 1929. 
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cubed; c = speed of sound in centimeters per second; 7 = coefficient of viscosity in 
poises; y = ratio of specific heats; x = coefficient of thermal conductivity in calories 
per second-degree-centimeter; and C> is the specific heat at constant pressure in 
calories per gram-degree. 

Recent papers by Sivian! and Krasnooshkin? have led to somewhat higher values 
_ for the absorption caused by viscosity. The data from these three sources are given 
by Fig. 3d-2 and the equations : 


A 


For ) in feet, a, = 0.143 rv db /ft 
For \ in meters, ac = 0.0437 4 db/m 


where ) is the wavelength and A is given in the curve in Fig. 3d-2. 
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Fig. 3d-2. Plot of A in centimeters as a function of temperature: A = a,A?/0.0437, where 
\ = wavelength in meters, and a; is the attenuation constant in db per meter for a free- 
traveling plane wave. The upper line (Sivian) obtained by multiplying the Stokes value 
by 1.5, lies closer to measured values than does either of the other two. (From L. L. 
Beranek, ‘‘ Acoustic Measurements,” John Wiley & Sons, Inc., New York, 1949.) . 
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The total attenuation a4 due to both types of absorption is therefore 
a4 = an + ae db/ft (or db/m) 


These high values of attenuation appear to come from the H.O vapor content of the 
air, although they cannot be calculated accurately by the Kneser nomogram. At 
frequencies above 100 ke for undried air and at all frequencies for dried air, and oxygen 
and nitrogen, the measured attenuation is about 1.5 times that predicted by the 
Stokes relation. 


1L. J. Sivian, High Frequency Absorption in Air and in Other Gases,”’ J. Acoust. Soe. 
Am. 19, 914-916 (1947). 

? P. E. Krasnooshkin, On Supersonic Waves in Cylindrical Tubes and the Theory of the 
Acoustical Interferometer, Phys. Rev. 65, 190 (1944). See also W. H. Pielemeier, Observed 
Classical Sound Absorption in Air, J. Acoust. Soc. Am. 17, 24-28 (1945). 
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Some experimental values by Knudsen and Harris! for the total attenuation a, at 
room temperature and for various values of relative humidity are given in Fig. 3d-3. 

An-empirical equation, which describes the measured values of Knudsen and Harris 
with good accuracy for relative humidities above 30 per cent and at a temperature of 
20°C, is given by Cremer? 


_f Ff \8 0.28 
cs (530) 0 +¢n  ob/m 


where ¢29 is the relative humidity at 20°C and f is the frequency. For temperatures 


ry TTT 
PAT | ty 
PANAL ft 


0.020 


0.018 


0.016 


ENERGY ATTENUATION CONSTANT, m, IN FT 7 
oO 
2 
oO 


RELATIVE HUMIDITY IN PER CENT 


Fra. 3d-3. Measured values of the energy attenuation constant m as a function of relative 
humidity for different frequencies, I(7) = Io exp (—mzx). The temperature is assumed to 
be about 68°F. (From L. L. Beranek, ‘‘ Acoustics,’”?’ McGraw-Hill Book Company, Inc., 
New York, 1954: after V. O. Knudsen and C. M. Harris, Acoustical Designing in Architecture, 
p. 160, Fig. 8.10, John Wiley & Sons, Inc., New York, 1950.) 


differing slightly from 20°C, the measured value of relative humidity should be cor- 
rected to give a value.of ¢29 to be used in the above equation; 


where Aé denotes temperature departure from 20°C. The quantity a4 is 4.34m, in 
the same units of distance. 


1V. O. Knudsen and C. M. Harris, ‘‘ Acoustical Designing in Architecture,’’ p. 160 
Fig. 8.10, John Wiley & Sons, Inc., New York, 1950. 

2 Lothar Cremer, ‘‘ Die wissenschaftlichen Grundlagen der Raumakustik’’ (The Scien- 
tific Foundations of Room Acoustics), vol. III, S. Hirzel Verlag, Leipzig, 1950. 


3e. Acoustic Properties of Liquids 
R.. . FAY - 


_ Acoustics Laboratory . 
Massachusetts Institute of Technology 


3e-1. Symbols and Definitions. Unless otherwise specified, cgs units are used. » 


p density 

k adiabatic compressibility 

f frequency — : 

wo Qf g ; 7k 
c speed of propagation of plane (or spherical) waves (velocity of sound), c' = (1/pk)# 


pe characteristic impedance : 
a coefficient of absorption, nepers/em SO : 
For viscous absorption a ~ #?(2n'+ n’)/2pc? where n = shear viscosity and 
n' = dilatational viscosity. : | meer 
a/f? * absorption constant ’ a are 7 
db/dd intensity loss in decibels if distance from source is doubled. This unit is 
usually used only when loss is due to the geometry of the sound field as in 
spherical or cylindrical waves. : ol 


3e-2. Acoustical Comparison between Liquids and Gases. The acoustical behavior 
_ of liquids is fundamentally identical to that of gases, but: the great differences in the. 
magnitudes of the basic properties, density and. compressibility, give rise to notable 
differences in the nature of practical sound fields in the two media. Thus the tech- 
niques which have been developed for the study of sound in gases cannot generally be 
applied successfully to the study of sound in liquids. ed po 

Numerically, the characteristic impedance pc of liquids is three to four orders of 
magnitude greater than that of gases. Thus a liquid-gas interface appears as a sub- 
stantially rigid boundary to a sound in the gas but as an effective pressure-release 
surface to a sound in the liquid. Even a thin film of gas, or a multiplicity of gaseous 
bubbles, generally prevents the existence of appreciable sound pressure in the neighbor- 
ing liquid. De | , Se | 7 | 

The compliance of solid boundaries is usually negligible compared with the com- 
pressibility of gases but is usually appreciable compared with the compressibility of 
liquids. Thus the simple types of sound field which are readily obtained in a gaseous 
medium by virtue of effectively rigid boundaries are extremely difficult to realize in a 
liquid medium. Types of sound fields from which acoustical properties of liquids can 
be determined have usually been obtained in the laboratory at high frequencies. 
Most of the published data on such properties were obtained in the megacycle fre- 
quency region. , | 

3e-3. Sound Transmission in Large Bodies of Water. Sound transmission at sea 
is influenced largely by three factors: the geometry of the sound field, the nature of the 
upper and lower boundaries, and refraction. At short ranges, if source and receiver 
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are at sufficient depths, spherical spreading of sonic energy is approximated and the 
intensity varies nearly as the inverse square of the range (6 db/dd). At long ranges, 
the field roughly approximates a two-dimensional continuum producing cylindrical 
spreading whereby the intensity tends to vary as the inverse first power of the range 
(3.db/dd). There is an intermediate range in which the controlling factor may be the 
interference between the direct sound and the sound reflected from the surface. For 
sinusoidal sound this interference produces the Lloyd-mirror effect. For broad bands 
the intensity tends to vary as the inverse fourth power of the range (12 db/dd). 

These trends have been observed. They are dependent on such factors as source 
depth, receiver depth, depth of water, smoothness of surface, smoothness and reflec- 
tivity of bottom, frequency spectrum, and directivities of transducers. The trends 
are modified—sometimes completely masked—by the effects of refraction. 

Refraction is caused by gradients in temperature, salinity, density, and currents. 
A major effect is a nonuniform distribution of sonic energy, frequently resulting in 
shadow zones and skip distances. At times sound channels are formed, i.e., layers 
within which the sound is trapped by virtue, for example, of downward refraction near 
the surface due to a temperature gradient and upward refraction in deeper water due 
to the density gradient. 7 

Reverberation in water is produced by the scattering of sound by minute particles 
of suspended matter, marine life, and other inhomogeneities. Reverberation due to 
that portion of the sound which is scattered by the top and bottom surfaces is some- 
times called “surface reverberation.” 

3e-4. Cavitation. The American Standard Acoustical Terminology gives the 
definition (224.1, 9.035): “Cavitation is the formation of local cavities in a liquid as a 
result of the reduction of total pressure.” Cavitation may occur as the result of a 
sound-wave rarefaction, such as is produced in the negative pressure cycle of an under- 
water transmitting transducer, or as the result of the reduction of pressure due to 
hydrodynamic flow, such as is produced by the movement at high speed of a propeller 
underwater. Broad-band noise is generated by cavitation; a large amount of evidence 
indicates that this noise is associated with the collapse of cavitation bubbles. In 
many instances the noise of cavitation has been observed to begin before the cavitation 
bubbles have been visible to the unaided eye. 

In shallow water depths, since atmospheric pressure corresponds to but a low 
hydraulic head in liquids, cavitation may occur at moderate sound intensities. 
Numerically, at a static pressure of N atm, the intensity of a sinusoidal plane (or 
spherical) wave in water at which the total pressure becomes zero at a negative peak 
is I ~ N2/3 watts/em?. 

The observed cavitation threshold corresponds in many cases to a substantial nega- 
tive pressure, usually reported to have a very variable value. Many degassed liquids 
show a tensile strength of the order of an atmosphere. Over very short time intervals 
this figure is much higher. The threshold of acoustically produced cavitation thus 
depends on the frequency. It also depends on gas content, ion content, and suspended 
matter (all cavity-producing nuclei), temperature, viscosity, cleanliness of the con- 
tainer, and the past history of the liquid. | 

Since cavitation bubbles reduce the sound that is radiated by a transducer, trans- 
former oils and castor oil, which do not cavitate readily, are sometimes used to trans- 
mit sound from the transducer face to an outer radiating surface at which the intensity 
has been spreduced by reading. 

8e-5. Dispersion. There is no firm evidence that the speed of propagation of sound 
in a simple liquid is dependent on frequency. 

Se-6. Water and Aqueous Solutions. Table 3e-1, taken from the American 
Standards Association Acoustical Terminology (Z24.1-1951, Table 9.1), gives various 
properties of fresh and sea water under representative water conditions. 
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TABLE 3e-1. PROPERTIES OF FRESH AND SEA WATER 


Fresh water Sea water 


Salinity (parts per 


1,000)........... 0 30 36 


Temp., °C......... 25 5 20 15 25 
Velocity, m/sec... . 1,493.2 | 1,461.0 | 1,513.2 | 1,505.0 1,532.8 
Density g/cm?.... 0000 | 0.99707 | 1.02375 | 1.02099 | 1.02677 | 1.02412 


Characteristic im- 
pedance X< 1075 


(cgs units)....... 1.4888 | 1.4957 | 1.5450 | 1.5453 | 1.5698 


Hydrostatic pressure increases the velocity by 0.018 m/second per meter of depth. It also increases 
the density by approximately 0.0000045 g/cm? per meter of depth. 


The velocities listed in Table 3e-1 are from Kuwaharara’s tables.1_ More recent 
measurements indicate that the velocity in sea water is 3 to 4 m/sec higher.? 

Up to 1,000 Mc, no measurable effect of frequency on velocity has been found. 

The attenuation in the pressure amplitude of a plane progressive wave is expressed 
by p(x) = poe*=. The theoretical value of a (Stokes-Kirchhoff) for viscous absorp- 


2a/t* (107 om" sec’) 
~ Ol £ 
© Co) (o) 
wy 


10 20 30 40 50 60 70 80 


TEMPERATURE IN °C 
Fig. 3e-1. Theoretical absorption in water as a function of temperature. (After Hall.) 


tion depends on f?. The measured value of a /f? = 21.5 X 10-17 cm—'! reported by Fox 
and Rock? for water has generally4 been found to hold within experimental limits at 
room temperature over a very wide range of frequencies. This number has been 


1 Kuwahara, Hydrographic Rev. 16, 123 (1939). 

2 Weissler and Del Grosso, J. Acoust. Soc. Am. 23, 219 (1951). 

3 Fox and Rock, J. Acoust. Soc. Am. 12, 505 (1941). 

4 Measured values have, however, been reported over 1,000 times greater than these. 
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shown by Hall! to correspond to the Stokes-Kirchhoff expression if bulk (dilatational) 
viscosity as well as shear viscosity is taken into account. 

Hall’s analysis includes the theoretical effect of temperature on attenuation. The 
values plotted in Fig. 3e-1 have been verified by several experiments. 

Absorption in organic liquids shows no observable relation to the viscosity. The 
increments in sound velocity due to dissolved salts at the low concentrations found in 
sea water are found to be proportional to the molar concentration for each salt and 
to be additive (see Fig. 3e-2) for a number of salts. 


1580 


VELOCITY IN m/s. 


6) 0.1 - 02 0.3 04 3=— 0S 
CONCENTRATION IN MOLES/LITER | 


susOw's SEA WATER 


SALT CONC.(MOLAR) Ac (VELOCITY INCREMENT) 
NoCZ: 0.4649 28.2 
MgSO, 0.0281 3.4 
MgCl, = 0.0265 2.9 susow's WATER) 
CaCk, 0.0105 _0.9 OBSERVED —— 1545.8 m/s 
KCL 0.0100 0.6 SAME, CALCULATED 
NaHCO, 0.0025 o2 8Y SUMMATION = 1546.2 m/s 
NoBr- 0.0008 0.0 
2 236.2 


Fic. 3e-2. Effect of dissolved salts on sound velocity. (After Weissler and Del Grosso.) 


The effect on absorption of dissolved solids frequently exhibits relaxation phe- 
nomena. The absorption in sea water at frequencies above 1 Me is substantially that 
in fresh water. Below 70 ke the observed value of a is about 10 times greater in sea 
water. In the transition region from 70 to 1,000 ke, a is not proportional to f? (see 
Fig. 3e-3). This additional attenuation has been variously attributed to the high 
concentration (and hence partial dissociation) of NaCl and to the presence of MgSO,.? 

Figure 3e-3 indicates the observed values of absorption in sea water in the transition 
range. | 

Sound velocity and absorption in liquid mixtures exhibit two distinct types of 
behavior. Mixtures of organic liquids tend to have values for c and for a which vary 
unidirectionally (not necessarily uniformly) with the relative proportions of the 


1 Hall Phys. Rev. 73, 775 (1948). 
2 Liebermann, J. Acoust. Soc. Am. 20, 868 1948). 
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2a(cm-') 


FREQUENCY IN CYCLES PER SECOND . 
¥ ia. 3e-3. Sound absorption coefficients for sea water and fresh water. (After Liebermann.) 
To convert to decibels per kiloyard, multiply 2a by 3.97 X 10°. 


TABLE 3e-2. VELOCITY UNDER 1,100 M/sec. LisTING IN ORDER oF 
INCREASING VELOCITY : 


Material Formula | Density Velocity, Temp., °C| ° Coa 

| m/sec cgs 

Ethyl bromide............ C-H;Br | 1.428 | 892 28 1.27 
Carbon tetrachloride....,.| CCl, — 1.596 | 928.5 23 1.48 
Bromoform.............. CHBr; 2.889 | 929 23.5 | 2.68 
Butyl iodide (n)...... sees Cael 1.616 | 959 28 (1.55 
Methylene bromide....... CH:.Bre 2.453 971 24 2.38 
’ Methylene iodide......... CHolIe 3.323 977 24 3.25 
Butyl chloride............ C.H,Cl 0.84 985 25 0.83 
Chloroform........... ...| CHCl; 1.487. | 1,001 23.5 1.49 
Acetyl tetrabromide.......| C2H2Br. 2.962 | 1,007 28 2.98 
Ethylene bromide......... C.2H.Bre 2.178 1,014 24 2.21 
Butyl bromide (n)........ C,H»Br 1.272 1,016 . 28 1.29 
Acetylene dichloride.......] C2H2Cl. | 1.262 | 1,025 25 1.29 
Pentane........ ety eeneeee CsHis 0.632 | 1,052 18 0.66 
Allyl chloride............. C;H;Cl 0.937 | 1,088 28 1.02 


a rr rn ee 
liquids. Solutions of organic liquids in water tend to show peaks in both c and a at 
some concentration. The velocity peaks are typically 5 to 10 per cent higher than 
that in either pure liquid, but the attenuation peak may show an increase of an order 
of magnitude over that of the organic liquid.t 

Gases in actual solution in water are generally Separied to have negligible effect on 
sound velocity and absorption. : : 


1 Willard, J. Acoust. Soc. Am. 12, 438 (1941): Willis, J. Acoust. Soc. Am. 19, 242 ale 
Burton, J. Acoust. Soc. Am. 20, 186 (1948). 
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TABLE 3e-3. VELOCITY OVER 1,600 M/sEc. Listrnc IN ORDER OF 
DECREASING VELOCITY 


Material Formula | Density Velounys Temp., °C pe XI 
m/sec cgs 

Glycerin................. C3;H3:03 1.260 1,986 22 2.50 
Ethylene glycol........... C2H-eO2 1.103 1,721 24 1.90 
PAU G a escent ete ters eee ae ie CoH;N 1.018 1,682 24 1.71 
TOMICING kao hs et HS oe C;H N 0.994 1,669 22.5 1.66 
Quinoline................ CoHiN 1.090 1,643 22 1.79 
Resorcin monomethyl ether} C7;H,O2 1.145 1,629 26 1.86 
Cyclohexanol.............] CeHi20 0.946 1,622 23.5 1.53 

1.82 


Formamide.............-] CH;:NO 1.13 1,610 25 


TaBLE 3e-4. SATURATED HypROCARBONS AND ALCOHOLS; ACETATES 


Material Formula Density VeNociy, x 
m /sec cgs 

a a eee TN ea eee |S mane SE AUN ie Serta 

A. Saturated Hydrocarbons 

Be carn ea a ee 
Pentane.......... CsHie 0.622 1,052 0.65 
Hexane.......... CeHi4 | 0.658 1,113 0.73 
‘Heptane.......... C7Hie 0.681 1,165 0.79 
Octane........... CsHis 0.702 1,238 0.87 

Ta a at ga a a a ale oe 

B. Saturated Alcohols 

Sc Ee gee BB a eee ee 
Methyl........... CH;0H . | 0.792 1,130 0.89 
Ethyl............| C:HsOH 0.786 1,207 0.95 

Propylccescsti C;sH;,0OH — 0.801 | 1,234 0.99. 

- Butyl............ C,H,OH 0.808 1,315 1.06 
AMV be ost tts C;Hi0H 0.813 1,347 1.09 
te oS i eS SS SS SSS 

C. Acetates ; 
a ee a ig 
Methyl........... CH;:COOCHs: 0.928 1,211 1.12 
Ethyl............| CHsCOOC2Hs 0.898 1,187 1.07 
PrOpVie te nck ete CH;COOC3H; 0.891 1,182 1.05 

. Butyleekieesc. CH;:COOC.H¢ 0.871 1,179 1.03 
Ariylescecdesedas CH;COOC;Hiu 0.875 1,168 1.02 


Gas bubbles in water are known to have a marked effect on both velocity and 
absorption.! The effect of air mixed in the surface water at sea by virtue of “‘white 
caps’’ has been found to persist after 48 hr of calm. Underwater sound measurements 
in the laboratory may be affected for many days by the air released from solution in 
tap water if not degassed. _ | 

3e-7. Acoustical Properties of Organic Liquids. The sound velocity in pure 
organic liquids covers little more than a 2:1 range; the lowest reported is for ethyl 
bromide (892 m/sec) and the highest is for glycerin (1,986 m/sec). With few excep- 


1A. B. Wood, “A Textbook of Sound,’”’ The Macmillan Company, New York, 1941; 
D. T. Laird and P. M. Kendis, J. Acoust. Soc. Am. 24, 29 (1952). 
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TABLE 3e-5. ABSOLUTE VALUES OF THE ABSORPTION CONSTANT FOR A NUMBER 
oF OreaNnic Liquips. Listinc IN ORDER oF DECREASING ABSORPTION 
(Temperature between 23 and 27°C) 


Velocity, — | pe X 1075 


Material Formula | en Density ‘ayebe ame 
Carbon disulfide... .. CS. 74 1.26 1,149 1.45 
Glycerol............ C3H;0; 26 1.26 1, 986 2.50 
2, 3-Butanediol ear acs C4H1002 20 1.05 
Benzene............ CeHe 8.3(9.15) 0.87 1,295(1 ,310) 1.13 
Carbon tetrachloride.} CCl, 5.7 1.59 930(928) 1.48 
Cyclohexanol........ CeH120 5.0 0.96 1,622 1.56 
Acetylene dichloride.| C2H2Cl. 4.0 1.26 1,025 1.29 
Chloroform......... CHCl; 3 .8(4.74) 1.49 995(1,001) 1.48 
3-Methyl cyclohexa- , - 

nol resid.......... C7H1,0 3.5 0.92 1,400 1.29 
t-Amyl alcohol...... C;H120 3.3 0.81 1,204 0.975 
Mesityl oxide....... CeH10O 3.3 0.85 1,310 1.11 
Bromoform......... CHBr; 2.3 2.89 908 uz) 2.62 
i-Butyl chloride. .... C,H,Cl 1.9 0.84. 985 —60.83 
Chlorobenzene......| CsH;Cl 1.7 1.10 | 1,302 1.43 
Turpentine......... 1.5 0.88 .| 1,255 1.10 
Isopentane...... ....| CsHie 1.5 {| 0.62 985 0.61 
d-Fenchone......... Ci10HisO 1.4 | 0.94 1,320 1.24 
Ethyl ether......... C,Hi00 1.4(0.55) 0.71 — 985 0.70 
Dioxane............ C,H;:02 1.3 1.03 1 , 380 1.42 
Alkazene 13.........| CisH 24 1.3 0.86 1,310 1.13 
Kerosene........... 1.1 0.81 | 1,315 1.06 
Methyl acetate...... C3:H.O2 1.09 0.93 1,211 1.13 
Ethyl acetate....... C.H3:02 1.1(0.77) 0.90 | 1,145(1,187) 1.03 
Naphtha............ 1.0 0.76 1,225 0.93 
Toluol..............} C7Hs 0.9(0.85) 0.86 1 ,300(1 , 320) 1.12 
Nitrobenzene....... CeHsNOz | 0.9 — 1.20 1,490 1.79 
1, 3-Dichloro-isobu- | 

tane..............| CaHsCle 0.9 1.14 1,230 1.40 
Nitromethane....... CH;NO.2 0.9 1.13 1,335 1.51 
Ethyl alcohol. ...... C2H-.O 0.9 0.79 1,150 0.91 
Methyl alcohol...... CH,0 0.9 0.79 1,105(1, 130) 0.87 
Acetonitrile......... CH;3CN 0.8 0.78 1 ,280(1 , 275) 1.00 
m-Xylol............ CsHio | 0.78(0.74) | 0.86 | 1,325(1,328) | 1.14 
Acetone............ C3;H.O 0.64(0.32) | 0.79 | 1,170(1,203) | 0.925 
Alkazene 25..... .| CroHy2Cle | 0.6 1.20 1,300 1.56. 
Formamide......... CH;NO 0.57 1.13 1,610 1.82 
2, 5-Hexanedione....| CsHi002 | 0.50 0.96 | 1,400 1.34 
Water (distilled)....)/ H.O 0.33(0.25) | 1.00 | 1,500(1,494) 1.50 
Mercury............| Hg* 0.66 1,450 


* Ring, Fitzgerald, and Hurdle, Phys. Rev., 72, 87 (1947). 
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tions, the range is from 1,000 to 1,500 m/sec. (It is a matter of interest that mercury 
also falls in this range, 1,450 m/sec.) © 

In contrast, the absorption constant a/f? varies over a wide range, about 300:1. 
Numerically the highest reported absorption constant for a simple liquid is about one 
order of magnitude lower than that for dry air. | | | 

The characteristic impedances of organic liquids pc are distributed over the range 
from about 60,000 to 180,000 egs units. Carbon tetrachloride with the pc value of 
148,000 and sound velocity of 930 m/sec is well suited for acoustic lenses in water in 
that the characteristic impedances are nearly matched and the velocity ratio is 
reasonably high, about 62:100. . 3 | 

The values of the properties of organic liquids reported from different sources are 
seldom in agreement within experimental errors. The discrepancies are presumably 
due to slight impurities; in the few cases in which mixtures have been investigated large 
effects from small concentrations have been observed. 

The liquids which have been selected for tabulation are: . 

1. Liquids having sound velocities outside the range 1,100 to 1,600 m/sec. 

2. Liquids in certain chemical groups po SS 

3. Liquids for which absorption data have been reported me» €22y 3 

The data for Tables 3e-2, 3e-3, and 3e-4 were taken from Bergman’s ‘ Ultrasonics,”’ 
and for Table 3e-3 from an article by Willard.? It will be noted that all the organic 
liquids (except pentane) which have a sound velocity less than 1,100 m/sec are halogen 
compounds. Table 3e-2'shows that there are consistent trends within each,group but 
inconsistent trends between groups. : - ada 

In Table 3e-5 the absolute values of the absorption constant may be in error by a 
factor of 1.5. The relative values for liquids having nearly like properties (a/f? and c) 
should be correct within 10 per cent. 


8f. Acoustic Properties of Solids 
Ww. P. MASON _. 


Bell Telephone Laboratories, I nc. 


$f-1. Elastic Constants, Densities, Velocities, and Impedances. Solids are used 
for conducting acoustic waves in such devices as delay lines useful for storing informa- 
tion, and as resonating devices for controlling and selecting frequencies. Acoustic- 
wave propagation in solids has been used to determine the elastic constants of single 
crystals and polycrystalline materials. Changes in velocity with frequency and 
changes in attenuation with frequency have been used to analyze various intergrain, 
interdomain, and imperfection motions as discussed in Sec. 3f-2. | 

In an infinite isotropic solid and also in a finite solid for which the wave front is a 
large number of wavelengths, plane and nearly plane longitudinal and shear waves can 


1G. W. Willard, J. Acoust. Soc. Am. 12, 438 (1941). 
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exist which have the velocities | ee a | es 
Viong = Nae pies = NE | =: (3f-1) 
p p - | 
where y» and ) are the two Lamé elastic moduli, u» is the shearing modulus, and \ + 2u 


has been called the plate modulus. For a rod-whose diameter is a small fraction of a 
wavelength, extensional and torsional waves can be propagated with velocities 


Vext = 2 Vtor = NE 
aes Voi At ee tt) (3f-2) 


For anisotropic media, three waves will, in general, be propagated, but it is only in 
_ special cases that the particle motions will Be normal and perpendicular to the direction 
of propagation. The three velocities satisfy an equation! 


Au — pv? Ar As : 3 see 
A12 22 — pu dog = 0 | (3f-3) 
A13 A23 Ass — pv? 


where p is the density; v the velocity, and the M's are related to the elastic constants of 
the crystal by the formulas - & S | 


Aur = ey + meee + n2e55 + 2mnes, + Znlers + Zlmers 

Ariz = Pere + Meg + n2e45 + mn(Cas + Cas) + nl(c14 + e568) + lm(cr2 + Cee) 

Ais = Peis + mcyg + n?es3 + mn(cas + Cas) + nl(cis + css), + lm(ery, + C56) (3-4) 
Aes = leg6 + mcoa + C34 + mn(Cas + C03) + nl(cs6 + Cas)l (Cos + Cas) 

No = Pose + moo + naa + 2mnexy + Qnlers + 2lmeos 

Ass = [e553 + mcg, + n’c33 + 2mncsa + 2nlcas + Qlmcas 


In these formulas ci: to cee are the 21 elastic constants and l, m, n the ditection 
cosines of the direction of propagation with respect to the crystallographic z, y, and z 
axes which are related to the a, b, c crystallographic axes as discussed in an IRE 
publication.? 

In Eq. (3f-3), we solve for the quantity pv?. It was shown by Christoffel? that the 
direction cosines for the particle motion £, i.e., a, B, y, are Penres to me r Constants 
and a solution of pv? by the equations 


adir + BAi2 + yA1s = apvs? adie + Broo + yros = Bpus? adis + Bros + YA\33 = ypv;? 
(8f-5) 


where 7 = 1, 2, 3. Hence, solutions of Eq. (3f-3) are related to particle motions by 
the equations of (3f-5). 

Most metals crystallize in the cubic and hexagonal systems. Furthermore, when 
a metal is produced by rolling, an alignment of grains occurs such that the rolling 
direction is a unique axis. This type of symmetry, known as transverse isotropy, 
results in the same set of constants as that for hexagonal symmetry. For cubic 
crystals, the resulting elastic constants are 7 


C1 = Coz = C33 C12 = Cis = C23 C14 = C55 = Co (3f-6) 


while for hexagonal symmetry or transverse isotropy, the resulting elastic constants 
are a Oo oe eer Y | | — 

a ae ee Cu — Cie 

| Cn = Cag Ce Cis = C23 Can = C5 Ces = a ee (3f-7) 

1 Love, ‘Theory of Elasticity,’’ 4th ed., p. 298, Cambridge Eee Press, New York, 


1934. 
2 Standards on Piezoelectric Crystals, Proc. I RE 87 (12), 1378-1395 (Dasewiber: 1949). 
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For cubic symmetry, the waves transmitted along the [100] direction and the [110] 
direction have purely longitudinal and shear components with the elastic-constant 
values and particle direction £ given by 
[100] direction 


Viong = Ne £ along [100] Vshear = Nz 


_€ along any direction in the [100] plane 
[110] direction 


Viong = a fos teas + Bow as > at 2cu ~ along [110] 


V1 shear = Nz g along [001] Ve shear = Nie — €12 
Pp 7 . 2p 
é along [110] 


For hexagonal or transverse isotropy, waves transmitted along the unique axis and 
any axis perpendicular to this will have the values 
{001] direction 


Viong = = é along [001] Vshear = Nz 


¢ along any direction in the [001] plane 
[100] direction 


Viong = a € along [100] V1 shear = 4/2 
p p 
é along [001] Vo shear = Net £ along [010] | 


The fifth constant is smeaaiee by transmitting a wave 45 deg between the [100] and 


[001] directions, i.e., 1 = n = 1/ /2;m =0. For this case 
SG C11 + C44 i = es SO ick C13 + Cas Mace C11 — Ci2 + 2c44 
2 2 4 
X33 = cu “Tons (3f-8) 
The three solutions of Eq. (3f-3) are 
wis Cir — or + 24 
pva.32 = [(c11 + 33 + 2€44)/2) + Vilen — €33)/2)? + (eis + Cas)? (3-9) 
For these three velocities, the particle velocities have the direction cosines 
For Vi, B = | | 
For 2 az Ci1 — C33 ii + [oe Eaeen Cir — C33 iii 
sali sey + C44) 2(cis + €44) (3f-10) 
For v oe -y {gt C33 — C11 fi + | Se] | so (C11 — C33) — €33) |} 
_ = 2(¢ci3 + C44) + at 2(cis + Cas) 


Hence; unless ¢11 is pneanly equal to css, a longitudinal or shear crystal will generate both 
types of waves. Experimentally, however, it is found that a good discrimination can 
be obtained against the type of wave that is not primarily generated and a single 
velocity can be measured. A resonance technique can also be used to evaluate. all the 
elastic constants of a crystalline material. 
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TaBLE 3f-1. Densities oF Guasses, PLastics, AND METALS IN 
POLYCRYSTALLINE AND CRyYsTALLINE Form (X-RAY DENSITIES 
FOR CRYSTALS) * 


Materials 


Aluminum 
Hard-drawn............ 
Crystal........... edoboats 

Aluminum and copper..... 


Beryllium................ 
Crystal.........0...... 
Brass: 


Chromium............... 
Crystals ci.cesdtaled se 
Cobalt...........0.... 


Crystal oink See sewn 
German silver............ 


Crystal......... eee 
| 00s 01 bs « nan 
Crystal...... Pua vente 


TNVSE so her ene: 
Iron.......... 


ee 


a a 


5 Al, 95 Cu 
3 Al, 97 Cu 


i 


SS 


70 Cu, 30 Zn 
90 Cu, 10 Zn 
50 Cu, 50 Zn 
90 Cu, 10 Sn 
85 Cu, 15 Sn 
80 Cu, 20 Sn 
75 Cu, 25 Sn 


Ce 
i Sr 
SS i i ca 


ns 


Cr a” a 


ba 


i 


Ln a a a 


26.3 Cu, 36.6 Zn, 36.8 Ni 
52 Cu, 26 Zn, 22 Ni 

59 Cu, 30 Zn, 11 Ni 

63 Cu, 30 Zn, 6 Ni 


a a 
a 
Se ee a 


Cr 


i 
Cr 
Se ee a 


Cr SS eS 


87.5 Pb, 12.5 Sn 
84 Pb, 16 Sn 

72.8 Pb, 22.2 Sn 
63.7 Pb, 36.3 Sn 
46.7 Pb, 53.3 Sn 
30.5 Pb, 69.5 Sn 


20 
18 


21 


18 


20 


20 


20 
20 
20 
18 


a 


eo 
eo 


— 
oo 


Density, 
kg/m? X 103 


hm et OO CO NI BO tO 


or 


g/cm$ 


.695 
.697 
.69 
OF 


69 


87 
871 
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TABLE 3f-1. Densities ofr GLassEs, Puastics, AND METALS IN 
POLYCRYSTALLINE AND CRYSTALLINE ForM (X-RAY DENSITIES 
FoR CrysTALs) (Continued) 


| Density, 
Materials Composition ee Bae ok 
C or 
g/cm? 
MARRS tose iid ae aa) eb Ol eae ee I kes bey 1.74. 
OEY Gta eos oh take os eet ees: Lat Mikal etd nechacet 25 1.748 
Manganese: s6is0 ieee dean tamgae ees cee ee aan. erg 
Crystal ccyciddic- Gn we Go gal ae atte net wees ee ane ere - 7.517 
MerCURy 62 vacceu ut Ane Sal Seen Me aaetanene ss oh cree 20 13.546. 
Monel metal............. 71 Ni, 27 Cu, 2 Fe | 8.90 — 
Moly bdentttics. bocce cdl Gace seen en neta eodaweeeyek be 10.1 
CRY Stale fa vnnchaatoue) 24a Naga m hate maiden aah Wee 25 10.19 
INCL lis 6c, .05 og sores. as4 cb nol pea reae ee ek Spe deke ind Rieti es i 8.6-8.9 
CLV Stal 254.05) een ual "ae sae eaetees ation diesen 20 8.905 
Phosphor bronze.......... 79.7 Cu, 10 Sn, 9.5 Sb, 0.8 P de 8.8 
Platintim 5.423. ckx al deen d hier eaeas ea eoel. 20 21.37 
Crystal. tore Siceutuad lencaee toutes Diddiceaien sil 20S 21.62 
SU CON. 424 pen aes ie te HS aeah eo oe el Bh aekeshy Bes ctott syed 15 2.33 
CTSA sucad, coy sates nell amare eee bec nteanenat eaeepate 25 2.332 — 
Silvera can ceo eecqkos callea en were nde ee ae tees oe 10.4 
Crystal.......... ie tees hose ate oe, coin agit pos 25 10.49 
S47 stainless Steel eos Bu ous a dees 2 Be a oR ee SS | 7.91 
UP dy ocacs ts Ak hn a aly ate Reto Heaie ee oe aes aceaotrd wens bs ba 7-7 .3 
Crystalce chit a2 canal tated ness teen he 7 te 
Tinea tenis 5 2k eaectadn on adneag see enetn sue ta taawees - 18.6-19.1 
Crystal...............2) 000: Sey ener ee 25 19.2 | 
ARs a seg seat Rh 2 so iar xs ce OF De dpa laren Salah ae = 7.04-7.18 
Crystal.......... Me ty | eng or arte eae eee ee eee 25 7.18 
Fused silica..............]. hose Sais A dane es pe bret ace ie 2.2 
Pyrex glass (702).........| ..--.--- Rear teres este: os 2.32 
Peavy silichtetint:......2.6%) 24 Geen cch tee ahs Sees ue 3.879 | 
Light borate crown........] .......-.: bos utasgih uae ae ome Nant bass 2.243 
EMCHOs: taasoia trios staee| hee ee ees BA hh aot eee ya nae a2 1.182 
IN VlOi G26 iis oi og cee ae) Lee eee o RES crs ee wes - 1.11. 
Polyethylene: 4.024 taka db oe he eiee ew ee grees tk ea 0.90 
Polystyrene als ee cls, Sete ieee Sete aah dev b-on dhe aed Rd ce li oe a 1.056 | 


a eg RNR 


* See also Tables 26-1 through 26-13. 


When a longitudinal or shear wave is reflected at an angle from a plane surface, both 
a longitudinal and a shear wave will in general be reflected from the surface, the angles 
of reflection and refraction satisfying Snell’s law 


sin B _ sma (3f-11) 
Vs VI 7 


where a and £ are the angles of incidence and refraction with respect to a normal to the 
reflecting surface. Exceptions to this rule occur if a shear wave has its direction of 
particle displacement parallel to the reflecting surface, in which case only a pure shear 


Gp hong sips Oly Le ayy ee fetes ag te be ya YE Nee” Oe - A. 
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wave is reflected, with the angle of reflection being equal to the angle of incidence. 
Use is made of this result in constructing delay lines which can be contained in a small 
volume. When the angle of incidence is 90 deg, the transmitted wave is reflected 
without change of mode. If the transmitting medium is connected to another medium . 
with different properties, the transmission and reflection factors are determined by the 
relative impedances of the two media. The impedance is given by the formula 


=p =VEp (3f-12) 


where E is the appropriate elastic stiffness and p the density. The reflection and 
transmission coefficients between medium 1 and medium 2 are given by the equations 


Zi — Ze yp Bhs 
Zi, + Ze a 41+ Ze 


Tables 3f-1 to 3f-4 list the densities, elastic constants, velocities, and impedances for 
a number of materials used in acoustic-wave propagation. 

3f-2. Attenuation Due to Thermal Effects, Relaxations, and Scattering. When 
sound is propagated through a solid, it suffers a conversion of mechanical energy into 
heat. While all the causes of conversion are not known, a number of them are, and 
tables for these effects are given in this section. 

3f-3. Loss Due to Heat Flow. When a sound wave is sent through a body, a com- 
pression or rarefaction occurs which heats or cools the body. This heat causes thermal 
expansions which alter slightly the elastic constants of the material. Since the com- 
pressions and rarefactions occur very rapidly, there is not time for much heat to flow 
and the elastic constants measured by sound propagation are the adiabatic constants. 
For an isotropic material, the adiabatic constants are related to the aso snermal! con- 
stants by the formulas! 


R= (3-13) 


2 2R2 
on Yo = Vo? & (+) rd (3f-14) 
where the superscripts o and @ indicate adiabatic and isothermal ponstan ts, a is the 
linear temperature coefficient of expansion, B the bulk modulus (B = \ + $x), © the 
absolute temperature in degrees Kelvin, p the density, and C, the specific heat at con- 
stant volume. Table 3f-5 shows these quantities for a number of materials. 

The difference between \’ and \? should be taken account of when one compares the 
elastic constants measured by ultrasonic means with those measured by static means. 
From the data given in Table 3f-5, it is evident that this effect can produce errors as 
high as 10 per cent in the case of zinc. Adiabatic elastic cqnstants are measured from 
frequencies somewhat greater than those for which thermal equilibrium is established 
during the cycle to a frequency! f + (pC,v?/2rK) for which wave propagation again 
takes place isothermally. This frequency is approximately 101? cycles for most 
metals. 

When account is taken of the energy lost by heat flow between the hot and cool 
parts, this adds an attenuation for longitudinal waves equal to 


a= la (FR — =) | nepers /m (3f-15) 


where f is the frequency, v the velocity, K the heat conductivity, and E the appropriate 
elastic constant for the mode of propagation considered. Since Q = B/24A, it becomes 


Q = pC v? 
— «QFK{(Eo — EB®)/E°| 


1W. P. Mason, ‘ ‘ Piezoelectric Crystals and Their Application to Ultrasonics,’’ pp. 480— 
481, D. Van Nostrand Company, Inc., New York, 1950. 
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where Q is the ratio of 27 times the energy stored to energy dissipated per cycle and B 
is the phase shift per unit length. Table 3f-5 shows the attenuation for a number of 
solids due to thermal loss. 

3f-4. Loss Due to Intergrain Heat Flow. A related thermal loss that occurs in 
polycrystalline material is the thermoelastic relaxation loss which arises from heat flow 
from grains that have received more compression or extension in the course of the wave 
motion than do adjacent grains. The Q from this source has been shown to be! 
1 Cyrpy—C, R fof 


Q Cy f 07 + A Be 
where R is that fraction of the total strain energy which is associated with the fluctu- 
ations of dilations, and fo, the relaxation frequency, is approximately 

D K 


fo = £3 = 5C,Le (3f-18) 


(3f-17) 


where L, is the mean diameter of the crystallites and D the diffusion constant. 
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FACTOR PROPORTIONAL TO ELASTIC CONSTANT 
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Fia. 3f-1. Elastic constants and Q for single-crystal and polycrystal aluminum. (After Ké.) 


For most materials, the relaxation frequencies are under 100 kc. Table 3f-6 gives 
the product [(C> — Cv)/C.]R for a number of metals. 

3f-5. Loss Due to Grain Rotation. Another source of loss due to grain structure in 
metals is the loss due to the viscosity of the boundary layer between grains. This 
allows a relative rotation of grains provided the relaxation time is comparable with the 
time of the applied force. Figure 3f-1 shows the elastic modulus and the associated 
Q of a polycrystalline aluminum rod in torsional vibration at a frequency of 0.8 cycle 
as compared with similar measurements for a single crystal. The relaxation time for 
grain-boundary rotation is a function of temperature according to the equation 


7 = rH /eT (3f-19) 


1C, Zener, ‘Elasticity and Anelasticity of Metals,” p. 84, University of Chicago Press, 
_ Chicago, 1948. 
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\where H, the activation energy, is of the same order as that found for creep and 
self-diffusion. 
3f-6. Loss Due to Grain Scattering of Sound. Another effect of grain structure in 
solids is a loss of energy from the main wave due to the scattering of sound when the 
sound wavelength is of the same order as the grain size. This scattering occurs 
because adjacent grains have different orientations, and a reflection of sound occurs 
because of the resulting impedance difference between grains. An approximate 
formula! holding when the wavelength is larger than three times the grain size, and 
multiple scattering is neglected, is 


; SrtL.2f4 


51'S ~—snepers/m | (3f-20) 


As 


where L, is the average grain diameter, f the frequency, v the velocity, and S a scatter- 
ing factor related to the anisotropy of the metal. Table 3f-7 shows a relative estimate 
of the scattering factors for longitudinal and shear waves for a number of metals. 
For shorter wavelengths, the attenuation changes less rapidly with frequency,? and for 
wavelengths shorter than the grain size, the loss is independent of the frequency. A 
formula applicable for all wavelengths is 


“) (3f-21) 


where Qs/A is the ratio of the scattering area of the sphere to the actual cross-sectional 
area. For low frequencies Qs/A = 7S Le /r)4 = 48 (aL f /v)4 while for very high 
frequencies Qs/A = 2. Intermediate values of cross-sectional areas can be obtained 
from calculations given by Morse.? Because of elongations of grains in the direction of 
rolling, most materials have different scattering areas for propaeeuce along the rolling 
axis and perpendicular to the axis. 

3f-7. Acoustic Losses in Ferromagnetic and Ferroelectric Materials. Stresses in 
ferromagnetic and ferroelectric materials can cause motion of domain walls or rotation 
of domain directions. These occur in such a manner that domains are strengthened 
in directions parallel, antiparallel, or perpendicular to the direction of the stress. The 
increased polarization in the direction of the stress produces increased strains which 
are the same sign in both parallel and antiparallel domains since magnetostriction and 
electrostriction are square-law effects and hence the elastic stiffnesses-of demagnetized 
materials are less than those of completely magnetized materials. For polarizations 
directed along cube axes, the difference in elastic constants for the saturated and 
depolarized states, i.e., the AE effect, is‘ 


AE _ 9r?H, 
En  20rP,? 


(3f-22) 


where yp 1s the initial permeability or dielectric constant, \, the saturated change in 
length along a polycrystalline rod, H, and Ep the saturated and demagnetized elastic- 
stiffness constant and P, the saturated magnetic or electric polarization. When the 
polarization lies along a cube diagonal—as in nickel—n», is replaced by $A111:[5c44/ 
(C11 — Cie + 3ca4)] where A111 is the saturated increase in length along the [111] 
direction and 5c4s/(c11 — Cie + 3c44) is a ratio of elastic constants. 


1 Mason, op. cit., p. 422. 

2 R. B. Roney, ‘The Influence of Metal Grain Structure on the Attenuation of Ultra- 
sonic Waves,’’ Thesis, California Institute of Technology, 1950. 

3 Philip M. Morse, “‘ Vibration and Sound,” 2d ed., p. 355, McGraw-Hill Book Company, 
Inc., New York, 1948. 

4R. M. Bozorth, ‘ Ferromagnetism,”’ p. 691, D.° Van Nostrand Company, Inc., New 
York, 1951. : 
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The motion of walls or the rotation of domains in metallic ferromagnetic materials: 
generates eddy currents and hence causes an acoustic loss. It has been shown that the 
permeability follows a relaxation equation 


_, (= if/fo) 
ee + f?/fo? 


where fo = 4R/25u0L.2, R = resistivity, and L, = domain diameter. For a distribu- 
tion of domain sizes - 


(3-23) 


LAL 
w= Me 2 VIFR fe ane 


i=l 
where VY, is the volume occupied by domains of size L; and V the total volume. 
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Fig. 3f-2. Decrement and AE effect for polycrystal nickel rod as a function of frequency. 
(After Bozorth, Mason, and McSkimin; Johnson rnd Rogers; and Levy and Truell.) 


Inserting in Eq. (3f-22) the AE /Ep and Q are given by 


92H, 10) Vi/V ye) A _ 97H, | OE) | (3f-25) 
ae ~ 200P,? 1+ f?/fi? Q 20cP,? 1 + (f/f:)? 

Figure 3f-2 shows measurements of the AEF effect and the decrement 5 = 1/Q plotted 
over a frequency range, for a polycrystalline nickel rod. 

Another effect causing losses in ferromagnetic and ferroelectric materials is the 
microhysteresis effect. In this effect the domain walls or domain rotations lag behind 
the applied stress and produce a hysteresis loop. Hence the initial susceptibility has 
a hysteresis component which is a function of the amount of stress. Average values 
of the parameters can be written in the form 


uw = poll — jf(A)] (3f-26) 


where f(A) is a function of the amplitide. Inserting this value of » in Eq. (3f-22), the 
value of the microhysteresis loss is given. This type of loss is present in ferroelectric 
materials and is the principal cause of the low mechanical Q. 
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3f-8. Other Typés of Losses. In addition to these recognized types of losses, other 
types exist which have not been accounted for quantitatively. Figure 3f-3 shows the 
Q of a number of materials measured in a frequency range for strains under 10-5.1 
Except for nickel and iron rods whose decrease in Q with frequency is accounted for by 
-microeddy-current effects, the materials have a Q independent of frequency. It has 
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Fia. 3f-3. Values of Yo/Q and u/Q as a function of frequency for a number of polycrystalline 
materials. (After Wegel and Walther.) 


been suggested that these losses are caused by elastic-hysteresis effects due to cyclic 
displacements of dislocations in the body or grain boundaries of metals. Some 
evidence? for this is shown in Fig. 3f-4, which shows the Q of a copper rod as a function 
of temperature and degree of annealing. Losses in annealed specimens having smaller 
numbers of dislocations are smaller than those in cold-worked specimens. At low 


1R. L. Wegel and H. Walter, Physics 6, 141 (1935). 
2P. G. Bordoni, Assorbimento degli Ultrasuoni nei solidi, Nuovo cimento 7 (2), 144 
(1950). , 
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Fig. 3f-4. Attenuation peak in polycrystalline and single-crystal copper. (After Bordont.) 
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Fra. 3f-5. Decrement as a function of amplitude in a copper single crystal. (After Nowick.) 


temperatures, a relaxation of dislocation motions appears to occur. Other work! 
shows that losses increase as a function of the amplitude, as shown by Fig. 3f-5. 
These losses have an activation energy similar to that shown by Fig. 3f-4 and are in- 
creased by cold work. 

1A.8. Nowick, Phys. Rev. 80, 249 (1950). 
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To determine the acoustic properties of gases, liquids, and solids and to utilize them 
in acoustic systems, it is necessary to generate the appropriate waves by means of 
transducer materials which convert electrical energy into mechanical energy and vice 
versa. For liquids and solids, the most common types of materials are piezoelectric 
crystals, ferroelectric materials of the barium titanate type, and magnetostrictive 
materials. 

3g-1. Piezoelectric Crystals. The static relations for a piezoelectric quartz crystal 
producing a single longitudinal mode are for rationalized mks units 


So = Soe¥T. + dukz Dz, = duT2 + a?E, (3g-1) 


where S2 and T» are the longitudinal strain and stress, respectively, seo” the elastic 
compliance along the length measured at constant electric field, dz: the piezoelectric 
constant relating the strain with the applied field E,, D, the electric displacement, 
and e:7 the dielectric constant measured at constant stress. Equations of this type 
suffice to determine the static and low-frequency behavior of piezoelectric crystals. 
Using the first equation, one finds that the increase in length for no external stress and 
the external force for no increase in length are, respectively, 


Al = do1 4, Fe= T.tw = —do, vw (3g-2) 
2 


where V is the applied potential, 1, w, and ¢ are the length, width, and-thickness of the 
crystal, and F is the force which is considered positive for an extensional stress. From 
the second equation one finds that the open-circuit voltage and the short-circuited 
charge for a given applied force are, respectively, | 


2a do lF _ I w 4 Fl 
v--(%)2 Q= ff f° Dedtaw = dn * (38-3) 
Another important criterion for transducer use is the electromechanical-coupling 
factor k whose square is defined as the ratio of the energy stored in mechanical form 
to the total input electrical energy. Using Eqs. (3g-1), this can be shown to be 


doi? 


ki? = “Fe (3g-4) 


S22 


It is readily shown that the clamped dielectric constant ¢S, obtained by setting 
S2 = 0, and the constant-displacement elastic compliance s», obtained by setting 
D,z = 0, are related to the constant-stress dielectric constant «7 and the constant-field 
elastic compliance s22” by the equations | 


€ S22? 
— =~, =1- (8g-5) 
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Equivalent circuits in which the properties of the crystal are expressed in terms of 
equivalent electrical elements are often useful (see Secs. 31 and 38m). An equivalent 
circuit for a piezoelectric crystal for static conditions is shown by Fig. 3g-1A. In this 
network the compliance C1 = s22l/wt represents the compliance of the crystal with 
the electrodes short-circuited, the capacitance C> is the capacitance of the clamped 
erystal, i.e., Co = lweS/t, while the transformer shown is a perfect transformer, 1.e., a 
transformer having no loss between zero frequency and the highest frequency for 
which the piezoelectric effect is operative, having a turns ratio of ¢ to 1 where 


g = —d eS (3g-6) 


The fact that this equivalent circuit presents the same information as Eq. (8g-1) is 
readily verified by substitution and integration over the area of the crystal. 


_d sx&f s 
ez as ;: C,? 22 a Cc = E fw 
Son 


E 
8 ‘ f 2 Z Pktw , _ 8 
Cu" "2 Cy > m= Se Cat =e Cis Ma* 3 3 Cy —p Phwt 
= 8 | 
Ms: 2 Piwt 


Fig. 3g-1. Equivalent circuit for a piezoelectric crystal for clamped and free conditions. 


As an example of the use of such a network, one can calculate from it the efficiency 
of transformation of mechanical to electrical energy, or vice versa, under various 
conditions. Suppose that we clamp one end of the crystal and apply a force through 
the sending-end mechanical resistance Ry and receive the power generated into an 
electrical resistance Rez. Solving the network equations and obtaining the conditions 
for maximum power output, it is readily shown that the maximum power is obtained 


if 


1 /1 — k 
ieee gee E 
oC. Vl oC (38-7) 


where w = 2z times the frequency f. With these values the power in the termination 
is | | 


Ru 


F2k4 
Po= ihr (3g-8) 
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The available power that can be obtained from a source having an open-circuit force F 
with an internal impedance Ry is maximum when ¢?Rz = Ry. This power is then 


ips 3g-9 
t2°llE = 4y*Rep (3g-9) 

and hence the power-conversion efficiency is 
Pr = k‘ (8g-10) 


Hence, unless the coupling is high, the efficiency of conversion by static means is low. 

This efficiency can be improved by resonating the capacity Co by an electric coil 
Lo at the frequency of operation and can be further improved by mechanically reso- 
nating the static compliance of the crystal. The simplest way to analyze these 
circuits for their optimum conditions is to observe that, if the perfect transformer is 
moved to the end of the circuit, both equivalent sections are half sections of well- 
known filters. Equation (3g-11) gives the element values of the first filter resonated 
by an electrical coil, while Eq. (8g-14) gives the element values for the section tuned 
on both ends. 


ou _ Soo" (a) lw do? fi + fe 1 
, = — 


wt SooF t Soo” Qf feZo ~ AnfiZo’ 0 
a 
i ae a ee (3¢-11) 


t Qnfa(fe —fi)Zo A fo? — fi?)Zo 


ive (fe — frZo _ Of? — fr)Zo 
Qnfife 2rfife? 


where f; is the lower cutoff, fe the upper cutoff, Zo the mid-shunt impedance occurring 
on the electrical side, and Z, the mid-series impedance occurring on the mechanical 
side. Solving for fi, fe, Zo, and Z(¢?), i.e., the actual mechanical resistance, we find 


| en ae es A eel Pe ete Ged 
a EVA IG * Oe ATC Ce an: eg 
| , 1+Vi-k . 
; = 2 ete! ORAS rs a can = 


Hence, if there is no dissipation in the elements of the-crystal, perfect power conversion 
can be obtained but only over a bandwidth of | 


Bete —V1—k _ (3g-13) 
The other section of Fig. 3g-2 is a wider bandpass filter having the element values 
CQ’ = ae ws J2 —fi os et S22 al _ Zo 
4 t Soo! Qxf if2Z0 : do 2n (fe — fi) 
Co = ely 1 Ly = (fz — fi)Zo (3g-14) 


t ~ In(fe —fi)Zo 
Solving for the bandwidth and the impedances | 
Se Leen ee ne eee 
: fe NI La,” be IEE 
Vi —# 8 ieee cual 1 wt 
7 0 


~ Dehn Cok fing * To otnent 2 


This filter section can ehowntly transform mechanical into electrical energy and vice 
versa with a loss determined only by the dissipation in the elements of the crystal. — 


2rfife 


(3g-15) 
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The simplest method for mechanically resonating the crystal is to use it near its 
natural mechanical resonance. An exact equivalent circuit for a vibrating crystal is 
shown by Fig. 3g-1B. Near the first resonant frequency, the equivalent circuit for a 
clamped quarter-wave crystal is shown by Fig. 3g-1C while the equivalent circuit for a 
half-wave crystal is shown by Fig. 3g-1D. When the half-wave crystal resonated by 
a shunt coil is applied to converting electrical into mechanical energy, the same 
formulas given in Eqs. (3g-14) and (3g-15) and applicable except that k?/(1 — k?) is 
replaced by (8/2?)[k?/(1 — k?)]. By using the complete representation of Fig. 3g-1B 
the effect can be calculated by using various backing plates on the radiation from the 
front surface. | | 

The general form of Eq. (3g-1) holds for any single mode whether it is longitudinal 
or transverse as long as the appropriate constants are used. For longitudinal thick- 
ness modes when the radiating surface is a number of wavelengths in diameter, s22” is 
replaced by 1/cu% and do by e21/ci”, the appropriate thickness piezoelectric con- 
stant. For a thickness shear mode, the appropriate shear stiffness (c44, Css, OF Cee) 


c,¢? 


z 
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ud ud 
r| ; 
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Fia. 3g-2. Use of equivalent circuit in determining the optimum conditions for energy 
transmission. 


replaces 1/s2. and the appropriate shear piezoelectric constant replaces dz. ‘Table 
3g-1 lists the constants in mks units for a number of standard crystal cuts. 

$g-2. Electrostrictive and Magnetostrictive Materials. Other types of materials 
that have been used in transducers are ferroelectric crystals and ceramics of the barium 
titanate type and ferromagnetic crystals, polycrystals, and sintered materials of the 
ferrite type. All these materials have changes in lengths proportional to squares 
and even powers of the polarization and to obtain a linear response they have to be 
polarized. These polarized materials have relations between stresses, strains, electric 
and magnetic fields, and electric displacement and magnetic flux similar to those for a 
piezoelectric crystals shown by Eq. (3g-1) and hence these materials can be said to 
have “equivalent”? constants which depend not only on the material but also on the 
degree of poling and in some cases on aging effects. The dielectric and permeability 
constants are those associated with the polarized medium as are also the elastic 
constants. 

To obtain these equivalent piezoelectric and piezomagnetic constants, one can start 
with the more fundamental potential equations which have the same form for either 
electrostrictive or magnetostrictive materials. For polycrystalline or sintered mate- 
rials, these potential equations can be written in the form 


9 
L 
ms 
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G* = —S[su?(T12 + Te? + Ts*) + 282?(TiT2 + TiTs + T2Ts) 
+ 2(s1P? — sie?)(T2 + T,? + T'.2)| — {Qi(D2T) +'D?T, + D;?T7'3) 
+ Q1o[T1(D2? + Ds?) + T2(Di? + Ds?) + T3(Di? + D3?)] | 
+ 2(Qi1 — Qre)(T1D2D3 + TsDiD3 + T>DiD2)} + §8u17(Di? + D2? + Ds?) 
+ Kir™(Dit + Det + Dot) + Kie™(D2D2? + Di2D3? + D2?D3?) 
+ Kin?(Dio + Deo’ + Ds®) + Kite™[Dit(D2? + Ds?) + D*(Di + D3?) 
+ Ds*(Dy? + D2)] + Kies? Di? D2? D3? (3g-16) 


where 7, Te, T'3 are the three extensional stresses, 74, 7, 75 the three shearing 
stresses, Di, D2, D3; the three components of the electrical displacement for ferro- 
electric materials or the three components of the magnetic flux B for ferromagnetic 
materials, the s constants are the compliance constants for an isotropic material 
measured at constant electric or magnetic displacement, the Q’s are the electro- 
strictive or magnetostrictive constants, 6117 the inverse of the initial dielectric constant 
or permeability measured at constant stress, and the K7’s are constants determining 
the total energy stored for higher polarizations. The static equations can be obtained © 
by differentiation of G according to the relations 
Gp a 
oT. ai ODim 

Since linear equations are obtained only if a permanent polarization Pp is intro- 
duced, we assume that 


S:= — 


(3g-17) 


Ds = Po + Ds* © _ (3g-18) 


where D;* is a small variable component superposed on Pp. Also, D, and D2 are small 
so that their squares and higher powers can be neglected compared with Po. Intro- 
ducing these into (3g-16) and differentiating, we have 


Si = siuPT1 + si2?(Te2 + T1) + Qi2(Po? + 2P0D3*) 

Se = 8uPT2 + sie? (Ti + Ts) + Qi2(Po? + 2Po0D3*) 

Ss = 81PT's + si2P(T1 + Te) + Qir(Po? + 2PoD3"*) 

Se = 2(sirP — si2?)T, + 2(Q11 — Qi2)PoDz . 

2(surP — sioP)Ts + 2(Qir — Qiz)PoDi | (3g-19) 
Ss = 2(si1? = $12?) T’¢ 

Ey, = —2(Qi1 — Qi2)Pol's + Di(Bur? + 2Ki27 Po? + 2K 1127 Po!) 

BE, = —2(Qu — Qi2)PoTs + De( Bur? + 2Ki2T Po? + 2Kir27 Pot) 

E; = —2QuPoTs — 2Qi2P (Ti + Te) + Ds*(Bu? + 12Ku7Po? + 30Ki17 Po’) 


oe 
| 


It is obvious that the variable components of Eq. (3g-19) follow the same rule as for 
a piezoelectric crystal. There are three longitudinal modes and a shearing mode. 
_ The length longitudinal mode has the following constants: 


AQ 12?P o? | d 2Q12P o 
* ~ Bsat (Po). 


€33 T (Po) = 


| pss aS 
L.L. mode 811 S11? E B33? (Po) 811? 


1 
BaP) 870) 


where Ba37(Po) = (Bu? + 12Ku?Po? + 30Ki117Po*) is the dielectric impermeability 
of the ceramic when it has a permanent polarization Po 


40 11°P 0? | ne 2Q11Po 
B33 (Po) 811? ie B33" (Po) 


e337 (Po) = 


L.T. bar 8114 = $11? E + 


1 
at -21 

* If higher-order terms than those considered here are used, second-order electrostrictive 
and magnetostrictive terms and the change in elastic constants with polarization can be 
taken care of. ' For example, see W. P. Mason, Phys. Rev. 82 (5), 715-723 (June 1, 1951). 
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These formulas hold for a bar which is long in the direction of vibration compared with 
the cross-sectional dimensions. When a plate is used which is a number of wave- 
lengths across, the sidewise motions S; and Se are zero and the constants are 


L.T. plate <5 dg €33(Po) (3g-22) 
11 
where 
1 2812? 


Qiz) e,a(Po) 


S11? + S12? 


1 
eT pT Mhes(Pe) diy = 2c (Qu Z 
1 


B'(Po) = and C11? 


ae S11? + 812? 
($11? 7 S12?) (S11? + 2812?) 


B33! (Po) + [4Q12?Po?/ (iP + S12? )| 


The thickness shear mode has the fundamental constants 2(s11% — 812”); dia; e117 (Po), 
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1.e., the dielectric constant perpendicular to the poling direction, where 


A(Qir — Qi2)*Po? 


2(Qiu1 — Qi2)P | 
du = 2(Qu1_ — Qi2)Po 2(si1” — S12") = 2 (S11? — 812?) + Bir? (Po) 


e117 (Po) 
1 


T ~— 7D Tl). OR.DUmTDD?. OR TDA 
es" (Po) (Bir™ + 2K i127 Po? + 2K i127 Po*) 


(3g-23) 


Two other modes have been used in electrostrictive and magnetostrictive materials, 
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ceramics as functions of temperature and composition. 
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the radial mode and the torsional mode. The first is driven by polarizing the disk 
perpendicular to the major surface and involves the same fundamental constants as the 
length longitudinal mode of Eq. (3g-20). It has been shown! that the effective 
coupling and the resonant frequency of such disks are given by the equations 


2 (2Qu2Po'eP Po pe 2.03 1 
l—o 8117 27a Sir%p(1 —= a?) 


where o is Poisson’s ratio which is approximately 0.3 for barium titanate ceramics. 
The torsional mode is generated in electrostrictive and magnetostrictive materials 
when the alternating displacement is at right angles to the polarization. This is 
easily accomplished for a magnetostrictive material by polarizing a cylinder radially 
by one set of windings and driving the cylinder by a set of windings coaxial with the 
cylinder. In an electrostrictive material, a torsional vibration can be obtained by 
inducing a permanent polarization in different directions on two sides of the cylinder 
and driving the cylinder by a set of two electrodes with the two gaps between them 
coming in the region of greatest permanent polarization. The fundamental elastic 
constant is the shear constant (si. = s55¥) while the fundamental piezoelectric con- 
stant is the shear piezoelectric constant d,; or the similar magnetostrictive constants. 

Table 3g-2 gives some typical constants for a number of barium titanate composi- 
tions with lead and calcium titanate additions. Figure 3g-3 shows how the funda- 
mental constants vary with temperature over a wide temperature range. Table 
32-3 gives some typical constants for a number of magnetostrictive materials. 

82-3. Equivalent Circuits for Magnetostrictive Transducers. The energy equation 
(3g-16) is the same for magnetostrictive and electrostrictive materials, provided the 
electric field and displacement are replaced by the magnetic field H and the magnetic 
flux density B. Hence the equivalent circuit of Fig. 3g-1 also applies to a magneto- 


l 
strictive material, provided we replace E and 7 by [, H; dl = U, the magnetomotive 


force and BS = ® where S is the cross-sectional area, the total flux through the 
magnetostrictive transducer, and & the time rate of change of this flux. Hence all 
the fundamental quantities and coupling factors can be expressed in terms of the 
analogous quantities as shown by Table 3g-3. These hold for materials having a 
closed magnetic circuit such as a ring or a rod with closing magnetic circuit having a 
reluctance small compared with that for the rod. If this is not true, demagnetizing 
factors and additional reluctance values have to be taken account of and the value of 
® is the average value determined by all these factors. 

In a transducer, however, it is not U and & that we deal with, but rather the input 
voltage and current. These quantities are related by equations of the type 


B=N2  U=WNi (3g-25) 
where N is the number of turns and the voltage, current, flux, and magnetomotive 
forces are directed as shown by Fig. 3g-4. These are the equations of a gyrator, shown 
by the symbol of Fig. 3g-4, which does not satisfy the reciprocity relationship. If we 
call Zy the magnetic impedance defined by 


U 
| Zu = dé /di (3g-26) 
it is evident that the electrical impedance at the terminals of the transducer is equal to 
EWN? 
Li = eo Fa | | (3g-27) 
1W. P. Mason, “Piezoelectric Crystals and Their Application to Ultrasonics,”’ chap. 


XII, D. Van Nostrand Company, Inc., New York, 1950. 
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Hence the effect of the gyrator coupling is to invert all the elements of the equivalent 
circuit. Hence one should determine the element values of Fig. 3g-4 for the appro- — 
priate terminating conditions and then invert the values in accordance with Eq. 
(3g-27) to determine the elements of a magnetostrictive transducer. The values 


—> > 


pi Zo tan wh 


— é, 


Fo 


s da3%"s 
Cot et 5 2528 Pro 3 vert 3 p= 33° 


Fic. 3g-4. Equivalent circuit of a magnetostrictive rod. 


given in Fig. 3g-4 are for a longitudinally vibrating rod where S is the cross-sectional 
area and I the length. 4‘ is the average value of the permeability in the equations for 


the reluctance R 


l 
R= 35 (3g-28) 


where p* is for the constant stress condition. 
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Sh-1. Strings. The fundamental frequency of vibration of an ideal string is 


£28 
f= 5 Ve (3h-1) 
where fo is the frequency, ! is the free length, F is the force (tension) stretching the 
string, and m is the mass per unit length. Values of m for steel and gut strings are 
given in Table 3h-1. 
In addition to the vibration in a single loop which gives rise to the fundamental 
frequency, the ideal string may vibrate in harmonics whose frequencies are 


fn = nfo » (3h-2) 
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TaBLE 3h-1. Mass PER Unit Lenata or STEEL AND Gut Srringcs* 


Steel, | Gut, Steel, Steel, | Gut, 
mm in g/m | g/m mm | in g/m mm | in g/m g/m 
0.20 (0.0079) 0.25 | 0.04 | 1.00 /0.0394| 6.15 .80 10.0709) 19.9 | 3.56 
0.22 |0.0087/ 0.30 | 0.05 | 1.02 |0.0402; 6.40 .82 0.0717] 20.4 | 3.64 
0.24 10.0094; 0.35 | 0.06 | 1.04/0.0409| 6.65 .84 |0.0724] 20.8 | 3.72 
0.26 (0.0102) 0.42 | 0.07 | 1.06 |/0.0417| 6.91 .86 |0.0732} 21.3 | 3.80 
0.28 |0.0110) 0.48 | 0.09 | 1.08 |0.0425} 7.17 .88 |0.0740] 21.7 | 3. 88 
0.30 0.0118} 0.55 | 0.10 | 1.10 /0.0433) 7.44 .90 |0.0748} 22.2 | 3.97 
0.32 (0.0126, 0.63 | 0.11 | 1.1210.0441| 7.71 .92 10.0756) 22.7 | 4.05 
0.34 (0.0134) 0.71 | 0.13 | 1.14|0.0449} 7.99 .9410.0764) 23.1 | 4.14 
0.36 |0.0142} 0.80 | 0.14 11.16/0.0457| 8.27 .96 }0.0772| 23.6 | 4.22 
0.38 10.0150} 0.89 | 0.16 .18|0.0465| 8.56 .98 |0.0780] 24.1 | 4.31 
0.40 |0.0157) 0.98 | 0.18 | 1.20 |0.0472) 8.86 .00 (0.0787) 24.6 | 4.40 
0.42 |0.0165} 1.08 | 0.19 .22 10.0480} 9.15 .02 |0.0795| 25.1 | 4.49 
0.44 |0.0173} 1.19 | 0.21 .24 10.0488! 9.46 .04 |0.0803} 25.6 | 4.58 
0.46 |0.0181] 1.30 | 0.23 . 26 |0.0496| 9.76 .06 0.0811} 26.1 | 4.67 
0.48 0.0189) 1.42 | 0.25 . 28 10.0504) 10.1 .08 |0.0819] 26.6 | 4.76 
0.50 10.0197] 1.54 | 0.27 .30 |0.0512) 10.4 .10 (0.0827) 27.1 | 4.85 
0.52 |0.0205] 1.66 | 0.30 | 1.32 10.0520) 10.7 .12 |0.0835| 27.6 | 4.94 
0.54 (0.0213!) 1.79 | 0.32 | 1.34 /0.0528] 11.1 .14 |0.0843] 28.2 | 5.04 
0.56 |0.0220! 1.93 | 0.34 | 1.36 10.0535] 11.4 .16 0.0850) 28.7 | 5.13 
0.58 10.0228) 2.07 | 0.37 11.38 10.0543] 11.7 .18 |0.0858} 29.2 | 5.23 
0.60 |0.0236| 2.21 | 0.40 | 1.40 10.0551} 12.1 .20 |0.0866} 29.8 | 5.32 
0.62 |0.0244| 2.36 | 0.42 .42 10.0559] 12.4 .22 10.0874) 30.3 | 5.42 
0.64 10.0252) 2.52 | 0.45 .44 |0.0567| 12.8 .24 10.0882} 30.9 | 5.52 
0.66 |0.0260} 2.68 | 0.48 | 1.46 10.0575] 13.1 .26 10.0890] 31.4 | 5.62 
0.68 0.0268} 2.84 | 0.51 .48 (0.0583) 13.5 .28 |0.0898) 32.0 | 5.72 
0.70 10.0276] 3.01 | 0.54 .50 |0.0591) 13.8 .30 |0.0906] 32.5 | 5.82 
0.72 |0.0283; 3.19 | 0.57 | 1.52 10.0598] 14.2 .82 10.0913} 33.1 | 5.92 
0.74 |0.0291] 3.37 | 0.60 | 1.54 10.0606] 14.6 .34 |0.0921| 33.7 | 6.02 
0.76 |0.0299| 3.55 | 0.64 | 1.56 |0.0614) 15.0 .36 10.0929] 34.3 | 6.12 
0.78 |0.0307| 3.74 0.67 | .58 |0.0622) 15.4 .38 |0.0937|} 34.8 | 6.23 
0.80 |0.03815} 3.94 | 0.70 } 1.60 /0.0630) 15.7 .40 |0.0945) 35.4 | 6.33 
0.82 |0.0323| 4.14 | 0.74 | 1.62 10.0638) 16.1 .42 10.0953] 36.0 | 6.44 
0.84 |0.0331] 4.34 | 0.78 .64 10.0646] 16.5 .44 |0.0961) 36.6 | 6.55 
0.86 0.0339] 4.55 | 0.81 | 1.66 |0.0654| 16.9 .46 |0.0968) 37.2 | 6.65 
0.88 |0.0346) 4.76 | 0.85 | 1.68 |0.0661) 17.4 .48 10.0976] 37.8 | 6.76 
0.90 |0.0354| 4.98 | 0.89 | 1.70/0.0669] 17.8 .50 |0.0984) 38.4 | 6.87 
0.92 (0.0362| 5.20 | 0.93 | 1.72 10.0677] 18.2 .52 10.0992} 39.1 | 6.98 
0.94 10.0370) 5.43 | 0.97 . 74 0.0685) 18.6 .54 |0.1000) 39.7 | 7.09 
0.96 10.0378) 5.67 | 1.01 . 76 10.0693} 19.0 .56 (0.1008) 40.3 | 7.21 
0.98 |0.0386;} 5.91 | 1.06 .78 (0.0701; 19.5 .58 |0.1016} 40.9 | 7.32 


* This table is based on a density of steel of 7.83 g/cm*, Density of gut is assumed to be 1.4 g/cm, 
about one-sixth that of steel. This is only approximate, since the density of gut varies from sample to 
sample, and increases markedly with humidity. Brass wire has a density of 8.7 g/cm?, about 1.1 times 
that of steel. 
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where n is the integer denoting the particular mode of vibration. The length of each 
vibration loop is l/n. These successive lengths and the corresponding periods of 
vibration (i.e., the reciprocals of the frequencies) constitute a harmonic series accord- 
ing to the strict mathematical definition; nowadays, however, the frequencies them- 
selves are usually said to make up a harmonic series. 

The frequencies of actual strings depart somewhat from the frequencies computed 
from the simple formula because actual strings are stiff, they may be partially clamped 
at the ends, they are not infinitely thin, the tension increases with amplitude of vibra- 
tion, the mass per unit length is not exactly uniform, there is internal damping and 
damping due to the surrounding air and supports, and the supports are not infinitely 
rigid. In the formulas which follow damping has been neglected. 

For an actual string set 


f = nfo(l + G) | (3h-3) 


where the factor (1 + G) is a measure of the departure (i.e., the inharmonicity) from 
the ideal harmonic values. Table 3h-2 lists values of G for various small perturbations. 
The approximations are valid only when G is small. 


TABLE 3h-2. PERTURBATION IN FREQUENCY OF 4 STRING 


cere ne LT oe 


Cause G Explanation 
; ner 2d4 VY Y is Young’s modulus, d is the diam- 
Stiffness “{282F eter of the string 
The support consists of a mass M ona 
vere 4ml spring of transverse force constant K. 
eae SUDO 4n?n?M — K/fo? Multiply by 2 if there are two such 
supports 


The mass per unit length is m = 
mol + g(x)] where mo is the mean 
(nx) dx value over the string and z is the dis- 
l tance from one end of the string; the 
function g(x) must be small in com- 

parison with unity 


L 
Variable density | — 5 iA Gye 


For musical purposes it is often convenient to give the inharmonicity in cents 
(hundredths of an equally tempered semitone) by setting 


1+ G= 95/1, 200 == ¢9/1,781 | (8h-4) 


where 6 is the inharmonicity. To a usually acceptable approximation, 6 = 1,731G. 

If the stiff string listed in Table 3h-2 is of steel music wire, Y/p = 25.5 X 10° 
m?/sec?, Y being Young’s modulus and p the density. The tension is very nearly 
F = l°pfo2rd?. Thus for steel wire, and by virtue of the stiffness formula, the inhar- 
monicity in cents is 6 = 3.4 X 10!d?/f,2l4, provided that the diameter and length are 
in centimeters. | 

3h-2. Air Columns and Rods. The air within asimple tube of constant cross section, 
open at both ends or closed at both ends, vibrates freely at a frequency near 


nc - | 
fea (3h-5) 
where n is an integer (mode of vibration number), c is the speed of sound in the con- 


tained air, and I is the length of the tube (see Sec. 3d for speed of sound in air and its 
dependence on temperature). The diameter of the tube must be relatively small; 
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plane sound waves propagated longitudinally are assumed.. The same formula applies 
to thin rods vibrating longitudinally and suitably supported (say, at distances 
1/2n from the ends) so that the vibration is not inhibited (see Sec. 3f for speed of sound 
in solids). 

Open organ pipe is an example of a doubly open tube of constant cross section. To 
calculate its frequency adequately it must be recognized, however, that the air beyond 
the physical ends of the tube partakes of the vibration and adds inertia to the vibrating 
system. (This does not mean, however, that there is a velocity antinode beyond the 
end of the tube.) The necessary corrections to the simple formula are usually intro- 
duced as empirical ‘‘end corrections”’ to be added to the geometrical length; thus 


. 


nC 


S-o04a, 4+) 


where x1 = 0.3d is the correction for the unimpeded end (d being the inside diameter 
of the pipe) and zz = 1.4d is the correction for the mouth of the pipe. These are rough 
approximations; the literature on the end correction is extensive. | 

The air inside a cylindrical tube that is closed at one’ end and open at the other 
vibrates at frequency | 


(3h-6) 


nc 


f= qitp 


where x = 2; if the open end is unimpeded. In the case of the “‘closed”’ organ pipe 
(meaning closed at one end only), t = 22. 

The air in a conical tube is resonant in some cases at the same frequencies as a 
doubly open cylindrical tube of the same length, but there is the important difference 
that the contained sound waves are spherical rather than plane. Table 3h-3 gives 
equations? to be solved for each combination of end conditions; k = 2xf/c. ‘‘Closed- 
open,”’ for example, means that the smaller end of the truncated cone is closed while 
the larger end is open; r; is the slant distance from the extrapolated apex of the cone 
to the smaller end and rz is the slant distance to the larger end. The slant length of 
the resonator is thus re — r1. When 7; = 0, the length is r2 and the cone is complete 
to the apex. Formulas for computing frequency when the cone is complete are shown 
at the right of Table 3h-3. As in the case of cylindrical tubes, the length should be 


(3h-7) 


TABLE 3h-3. FREQUENCIES OF CONICAL RESONATORS 


Ends Equation For 7; = 0 
Closed-closed | kre — tan“! kre = kr, — tan kr: tan kr. = kre 
Closed-open a ‘tan k(re — 71) = —kri fi= a 
Open-closed tan k(re — ri) = kre tan kr. = kre 

: . ne ne 
Cpenopen | f= CA = 5, 


slightly modified by end corrections. As the angle of the cone increases the correction 
decreases and may even become negative.$ 

$3h-3. Volume Resonators. The Helmholtz resonator consists of a nearly closed 
cavity of volume V with an opening of acoustical conductance C. If the opening is 


1B. G. Richardson, ed., ‘‘The Technical Aspects of Sound,’ vol. I, pp. 493-496, 578, 
Elsevier Publishing Company, Amsterdam, 1953; Harold Levine, J. Acoust. Soc. Am. 26, 
200-211 (1954). 

2 Eric J. Irons, Phil. Mag. 9, 346-360 (1930). 

3A. E. Bate and E. T. Wilson, Phil. Mag. 26, 752-757 (1938). 
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in a thin wall the conductance is simply d, the diameter of the hole. If the opening is 
through a short neck of length 1, approximately 


ara? 


C= 4(l + 0.8d) 


(3h-8) 


The natural frequency of the resonantor is 


pets (3h-9) 


the velocity of sound in the opening being c. The equation is valid for wavelengths 
large in comparison with the dimensions of the resonator. : 

The ocarina may be recognized as an instrument of the resonator type because the 
position of an open hole of given size is immaterial; when the holes are all equal they 
may be opened in any order to give the same scale. The total conductance for use 
in the formula given above is the sum of the conductance of individual holes, provided 
that they are separated far enough that there is no interaction. 

$h-4. Bars. A long thin bar clamped and/or free at the end(s) can vibrate trans- 
versely at the fundamental frequencies listed in Table 3h-4 under mode 1. The length 
of the bar is l, Y is Young’s modulus, p is the density, and « is the radius of gyration 
about the neutral axis of the cross section. For a round bar x = d/4, where d is the 
diameter. For a flat bar of thickness ¢ (in the plane of vibration) « = ¢/+/12; the 
width is immaterial. The frequency of a bar clamped at both ends is the same as 
that of a bar free at both ends. The frequency of a higher mode of vibration can be 
found by multiplying the fundamental frequency by the ratio indicated in Table 3h-4; 


TABLE 3h-4. FREQUENCIES OF TRANSVERSE VIBRATION OF BaRS 


Frequency Ratio Cents 
Ends i Sa eee Se ge 
Mode — 1 2 3 4 2 | 3 4 
Clamped-free fi= ale Vz 6.267117 548/34. 38713, 177/4, 96016, 124 
Free-free, or _ 3.561k Y 


clan pedsclamped fy = SE" Y= 2.756) 5.404) 8.933/1, 7552, 921/3,791 


the intervals in cents corresponding to these ratios are given at the extreme right of the 
table. These are the classic! values for thin bars; the frequencies of actual bars are 
lowered slightly as a consequence of rotatory inertia, lateral inertia, and shear.? For 
example, for a steel bar whose length is 40 times the thickness, the frequencies of the 
first four modes of vibration are expected to be 0.997, 0.992, 0.984, and 0.974 times the 
corresponding ‘“‘thin”’ values (i.e., lowered 5, 14, 28, and 46 cents, respectively). 

The simple tuning fork may be recognized as an example of dual clamped-free bars. 
The frequency of a tuning fork made of ordinary steel may be computed approximately 


from 


80,0002 
f= Sa (3h-10) 


1Lord Rayleigh, ‘‘Theory of Sound,” vol. I, p. 280, Macmillan & Co., Ltd., London, 1894. 


‘The interval erroneously given as 2.4359 octaves has been corrected here to 2.4340 octaves 


= 2,921 cents. 
2 William T. Thomson, J. Acoust. Soc. Am. 11, 199-204 (1939). There is an error: 


m =86/[1 + 6%(k/L)2}t, not m = B/[1 + B2(k/L)*}. 
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TABLE 3h-5. FREQUENCIES OF THE EQuAaLLY TEMPERED SCALE, BASED ON THE 
INTERNATIONAL STANDARD A = 440 cps 
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Note | S 
Co 0 
1 

Do 2 
3 
Eo 4 
Fo 5 
6 
Go 7 
8 
Ao 9 
10 

Bo {11 
Ci, |12 
413 
D, | 14 
15 
Ei 16 
F, 17 
18 
Gi |19 
20 

Ai | 21 
22 
Bi | 23 
Ce. | 24 
25 
Dz | 26 
27 
Ee | 28 
Fe | 29 
| 30 

Ge | 31 
32 
Az |33 
34 
B. | 35 


.125/145. 
. 500/153 . 
.957|163. 
.500)172. 
.135)183. 
. 868/193 . 


. 703}205 . 


Ce 
De 


Ke 
Fe 


Ae 
Be 


Cr 


Note 


Ge | 


S| f 


i | ff ——————— ] ~~ | —————_————_———_ 
es ff ef fF J — 


.352/102. 
.324)102. 
.304]115. 
.445}122. 
.602)129. 
827137. 


72|1 046. 
73|1,108. 
741,174. 
75\1,244. 
76|1 318. 
77|1,396. 


781,480 
79/1 , 568 
80/1 ,661. 
81/1,760. 
82/1 864. 
83]1,975. 


84|2,093. 
85|2 217. 
86)2,349. 
87/2, 489. 
88/2, 637. 
89/2, 793. 


90/2 , 960. 
9113 136. 
92/3 322. 
93/3 520. 
94\3 729. 
95/3 951. 


96/4, 186. 
97|4,434. 
98/4 698. 
99/4 978. 


100|5 274. 
1011/5, 587. 


1025 ,919. 
103|6 ,271. 
104|6 ,644. 
105]7 ,040. 
1067 ,458. 
107/7 ,902. 


2xf 


5 
7| 6,966. 
7| 7,380. 
5| 7,819. 
5| 8,284. 
9| 8,777. 


0) 9,299. 
0] 9,851. 


2|10 , 438 
Oj11 ,058 
711,716 
5/12 ,413 


0/13 ,151 
5/13 933 
3/14, 761 
0/15 ,639 
0/16, 569 
8/17, 554 


0/18 598 
0/19 ,704 
4|20.875 
0/22 ,117 
3/23 , 432 
1/24 , 825 


0/26 ,301 
9/27 , 865 
6/29 , 522 
0/31 , 278 
0/33 , 138 
7/35, 108 


9/37 , 196 
9/39 , 408 
9/41 ,751 
0/44, 234 
6/46, 864 
1/49 651 


6,575. 


ae POD 


oS 


Numerous subscript notations have been employed to distinguish the notes of one octave from those 


of another. 


the lowest pitch. S is the number of semitones counted from this Co. 


The particular scheme used here assigns to Co a frequency which corresponds roughly to 
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provided that the thickness ¢ and length | of the prongs are given in centimeters. 

It is evident from Table 3h-4 that the different modes of vibration of a uniform bar 
are inharmonic. However, the cross section of the bar in the modern xylophone or 
marimba is often given an empirical lengthwise “‘undulation’’ such that the second 
mode of vibration of the free-free bar is changed in frequency to 3 or 4 times the funda- 
mental frequency.!_ The frequencies of the higher modes of vibration are also modified 


 Tasue 3h-6. INTERVALS IN CENTS CORRESPONDING TO CERTAIN 
. FREQUENCY Ratios 
a 


Name of interval Frequency ratio | - sents 
MISO 5 eo ats oe ered eke es a Rak, & neha eA a eeced s led 7 0 
Minor second or semitone............ ee Ree 1.059463:1 | 100 
Semitone.......0..0.. 00.0.0 eee eee eee nes 16:15 111.731 
Minor tone or lesser whole tone........ beens eaeeapae tas 7 10:9 182.404 
Major second or whole tone..................... 1.122462:1. 200 
Major tone or greater whole tone............. ee | —69:8 203 .910 
Minor third 2 sco 4:04-¢ a8 Gu we ease) OAR eo eat d ad 1.189207:1 300 
Minor thirds... 6:02556. 6.0388 tc ott ees Soak ees 6:5 315.641 
Major tnird 6s. od geng acca te GP Aer he bide d dot doe 6 oa once Ee 386.314 
Major Abit ie § oie tract 3.5 HR Etc len 24ee odes —-1.259921:1 400 
PerieGy TOURING 5 adewa opens wade Cece heen ee Bat 4:3 498.045 
Periect: 1OUPthng cyuitns dinitrate ee eee 1.334840: 1 500 
Augmented fourth.................00.0...0..0.002. 45:32 590.224 
Augmented fourth...............0..0..000000000. 1.414214:1 600 
Diminished fifth........................ SaGuhes 1.414214:1 600 
Diminished fifth............0.....0... cit ecakeeh > .« « 4e45 609.777 
PerieCt MiG eg bedke curtail ans a eee ot ie eae eS -...{ 1.4983807:1. — 700 
Perfect fifth............0... a cein wane eae ois 7 3:2 701.955 
Mimor sixth.............0. 0.00000 cere 1.587401:1.— &00 
Mimor sixth...........0.0 0.0.0... eee eee eee See 8, All ¢ » 8:5 813.687 
IN Ag OP SIKU niet ag mgs drcoe ee dom, de eoathe once anand 5:3 884.359 
MajOF SIKU sorte uid coe te nhs oe eee ee edhe 1.681793:1 900 
Harmonic minor seventh..................... aoe aia. 968 . 826 
Grave minor seventh.....................0.. ries 16:9 996 .091 
Minor séventieucc cond 655.5858 pho oh ae beekewks 1.781797 :1. 1,000 
Minor seventh.............. 0.0.0 eee eee eee ee 9:5. 1,017 .597 
Major sevenths..c 4c0%c5, bud aad Sch ou kG wa we 15:8 1,088 . 269 
Major seventhic.2 .o.iee cadets eee ab Awe be wo awe Vs 1.887749: 1 1,100 
OCTAY Gi gcu rotates bate ard Hea adds eee 2:1 1,200 .000 


by variation in cross section for special purposes such as the simulation of the sound 
of a bell.? | 

3h-5. Musical Scales. By international agreement the standard tuning frequency 
for musical performance is the A of 440 cps. The frequencies of the equally tempered 
scale based on this frequency appear in Table 3h-5. Middle C thus has a frequency 
of 261.6 cps. The C of 256 cps, frequently used in the past for demonstrations in 
physics, has never been adopted for practical musical performance. 


1See U.S. Pats. 1,838,502 (1931) and 1,632,751 (1927). 
2See U.S. Pats. 2,273,333 (1942), 2,516,725 (1950), 2,536,800 (1951), and 2,606,474 
(1952). 
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For many calculations with musical intervals it is convenient to deal with loga- 
rithmic units that can be added instead of the ratios which must be multiplied. The 
octave is equal to 1,200 logarithmic cents, and the equally tempered semitone is 
100 cents. The interval in cents corresponding to any two frequencies f; and fe is 
1,200 loge (f2/fi) = 3,986 logio (f2/f1). Table 3h-6 lists certain common intervals in 
cents, and the corresponding ratios; the frequency ratios for intervals up to 100 cents 
are given in Table 3h-7. oa | 


TABLE 3h-7. Ratios ror INTERVALS TO 100 CENTS 


Cents Ratio Cents Ratio Cents Ratio Cents Ratio 
0 | 1.000000 | 25 | 1.014545 | 50 | 1.029302 | 75 | 1.044274 
1 | 1.000578 | 26 | 1.015132 | 51 | 1.029896 | 76 | 1.044877 
2 | 1.001158 | 27 | 1.015718 | 52 | 1.030492 | 77 | 1.045481 
3 | 1.001734 | 28 | 1.016305 | 53 | 1.031087 | 78 | 1.046085 
4} 1.002313 | 29 | 1.016892 | 54 | 1.031683 | 79 | 1.046689 
5 | 1.002892 | 30 | 1.017480 | 55 | 1.032079 | 80 | 1.047204 
6 | 1.003472 | 31 | 1.018068 | 56 | 1.032876 | 81 | 1.047899 
7 ‘| 1.004052 | 32 | 1.018656 | 57 | 1.033473 | 82 | 1.048505 
8 | 1.004632 | 33 | 1.019244 | 58 | 1.034070 | 83 | 1.049111 
9 | 1.005212 | 34 | 1.019833 | 59 | 1.034667 84 | 1.049717 
10 | 1.005793 | 35 | 1.020423 | 60 | 1.035265 | 85 | 1.050323 
11 | 1.006374 | 36 | 1.021012 | 61 | 1.035863 | 86 | 1.050930 
12 | 1.006956 | 37 | 1.021602 | 62 | 1.086462 | 87 | 1.051537 
13 | 1.007537 | 38 | 1.022192 | 63 | 1.037060 | 88 | 1.052145 
14 | 1.008120 | 39 | 1.022783 | 64 | 1.037660 89 | 1.052753 
15 | 1.008702 | 40 | 1.023374 | 65 | 1.038250 | 90 | 1.053361 
16 | 1.009285 | 41 | 1.023965 | 66 | 1.038859 | 91 | 1.053970 
17 | 1.009868 | 42 | 1.024557 | 67 | 1.039459 92 | 1.054579 
18 | 1.010451 | 43 | 1.025149 | 68 | 1.040060 | 93 | 1.055188 
19 | 1.011035 44 | 1.025741 | 69 | 1.040661 94 | 1.055798 
| 
20 | 1.011619 | 45 | 1.026334 | 70 | 1.041262 | 95 | 1.056408 
21 | 1.012204 | 46 | 1.026927 | 71 | 1.041864 | 96 | 1.057018 
22 | 1.012789 47 | 1.027520 | 72 | 1.042466 97 | 1.057629 
23. | 1.013374 | 48 | 1.028114 | 73 | 1.043068 | 98 | 1.058240 
24 | 1.013959 | 49 | 1.028708 | 74 | 1.043671 | 99 | 1.058851 


31. Radiation of Sound 


FRANK MASSA 


Massa Laboratories, Incorporated 


8i-1. Introduction. Radiation of sound may take place in a number of ways but, 
basically, all sound generators cause an alternating pressure to be set up in the fluid 
medium within which the sound energy is established. The sound energy that is set 
up in a medium depends not only on the physical characteristics of the medium and 
the oscillatory volume displacement of the fluid set up by the vibrating source but also 
upon the size and shape of the generator. The acoustic power generated by any 
vibrating source can be expressed by i 3 


P= U*Ra, X 1077 watts (31-1) 


where U = rate of volume displacement of the fluid, cc/sec 
Ra = acoustic radiation resistance of the source, acoustic ohms 

If the rate of volume displacement is taken in peak cc/sec, Eq. (3i-1) will yield peak 
watts of power. If the volume displacement is taken in rms cc/sec, the power will be — 
given in rms watts. 

Of the many possible methods for generating sound, two types of generators will 
effectively serve to classify most of them. These basic generators are (1) pulsating 
sphere, and (2) vibrating piston. 

Each type of generator has a different acoustic impedance characteristic which 
depends on the dimensions of the source and on the frequency of vibration. 

3i-2. Acoustic Impedance. Pulsating Sphere. The specific acoustic impedance of 
a pulsating sphere is given by 


; pc/(xD/nd) 
TITATI/G@D/ Pp 


where p = density of the medium, g/cc 

c = velocity of sound in the medium, cm/sec 

D = diameter of the sphere, cm 

= c/f 

f = frequency, cps 

It can be seen from inspection that at high frequencies, where D/\ becomes very 

large, the specific acoustic impedance becomes a pure resistance equal to pc and the 
reactance term vanishes. At low frequencies, where D/d is small, the specific 
acoustic impedance becomes 


z acoustic ohms/cm? (31-2) 


a: pc 
1+ [1/@D/r)? 


2 
Z2 = pc (~) + jpc 2 acoustic ohms/em? (31-3) 


A plot of the specific acoustic resistance and reactance of a pulsating sphere as a 
function of D/) is shown in Fig. 31-1. To obtain the total acoustic radiation resistance 
3-108 
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Ra of the sphere, it is necessary to divide the specific acoustic resistance by the total 
surface area of the sphere incm?. The value of R4 thus determined, when substituted 
in Eq. (3i-1), will give the actual acoustic watts being generated by the spherical 
source. | 

Vibrating Piston. The specific acoustic impedance of a circular piston set in an 
infinite rigid baffle and radiating sound from one of its surfaces is given by 


z= pe E = ee | re Ki(2rD/n) 


: = 
=D/X C5 (nD / ay? acoustic ohms/cm (31-4) 


where _ D is the diameter of the piston in centimeters, J: and K; are Bessel functions, 
and the remaining symbols are defined under se (31-2). 
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Fia. 3i-1. Specific acoustic resistance R and reactance X of a pulsating sphere (dashed 
curves) and a vibrating piston set in an infinite baffle (solid curves). To obtain magnitude 
of R or X multiply ordinates by pc of the medium. ; 


At high frequencies, where D/) is large, Eq. (3i-4) reduces to a pure resistance equal 
to pc. At low frequencies, where D/) is small, the specific acoustic impedance for a 
piston set in an infinite baffle with one side radiating becomes 


; 2 
= aan kl + jpc ae acoustic ohms/cm? (31-5). 
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A plot of the specific acoustic resistance and reactance for a vibrating piston 
mounted in an infinite baffle is shown in Fig. 3i-1. To obtain the total acoustic 
radiation resistance of the piston, it is necessary to divide the specific resistance by the 
piston area incm?. The value of Ra so determined, when subetnived in Eq. ED: 
will give the actual acoustic watts being generated by a piston. 

Summary of Radiation Impedance Characteristics. In Table 3i-1 are shown ie 
magnitudes of the acoustic radiation resistance and reactance for a sphere and piston 
for both low-frequency (D/d small) and high-frequency (D/d large) operation. 


TABLE 3i-1. TABULATED VALUES OF THE ToTaL Acoustic RADIATION 
RESISTANCE AND REACTANCE OF A SPHERE AND PISTON 
In Acoustic OHMS 


D/v\ «1 D/X>1 
Ra XA Ra | Xa 
‘ | Cc pc 
Pulsating sphere............ BH siete ac Siete Spa 8 Sao it es 0 
& SP ae 42 © aDxr A 
Vibrating piston (in infinite baffle)........ cid pea eel ~ pe ase a 0 
| ; 2r2 32rDx A 
p = density of the medium, g/cm? f = frequency of the sound vibration, cps 
c = velocity of sound in the medium, cm/sec D = diameter of sphere or pistion, cm 
»’ = wavelength of sound in the medium, cm A = surface area of sphere or piston, cm? 
X= c/f . 


3i-3. Directional Radiation of Sound. Whenever sound energy is generated from 
a source whose dimensions are small compared with the wavelength of the vibration 
in the medium, the intensity will be uniform in all angular directions and the generator 
is generally defined as a point source. When the dimensions of the vibrating surface 
are large compared with the wavelength, phase interferences will be experienced at 
different points in space due to the differences in time arrival of the vibrations origi- 
nating from different portions of the surface, which results in a nonuniform directional 
radiation pattern. Practical use is made of this phenomena when it is desired to 
produce special directional patterns by arranging the geometry and size of the vibrat- 
ing surfaces of a sound generator to create the desired characteristic. 

In many instances, a transmitter is designed so that the sound is radiated in a rela- 
tively sharp beam so that the energy is concentrated only within a specific desired 
angular region. When such a directional structure is employed as a receiver, the 
transducer will be more capable of picking up weak signals from a specified direction 
than would be the case from a nondirectional transducer. The reason for this improve- 
ment is the reduced sensitivity of the directional receiver to random background 
noises that will be present in all directions from the source. The number of decibels 
by which the signal-to-noise ratio is improved by a directional receiver over a non- 
directional receiver is known as the directivity index of the transducer. It will be 
defined more fully later. The following will show the directional radiation character- 
istics of several common structures. 

Uniform Line Source. If a uniform long line is vibrating at uniform amplitude, the 
radiated sound intensity will be a maximum in a plane which is the perpendicular 
bisector of the line. At angles removed from the perpendicular bisector of the line, 
the intensity will fall off to a series of nulls and secondary maxima of diminishing 
amplitudes as the angle of incidence to the axis of the line deviates from the normal 
bisector of the line. For a line of length L vibrating uniformly over its entire length 
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at a frequency corresponding to a wavelength of sound \ in the medium, the ratio of 
the sound pressure po produced at an angle © remaved from the normal axis of maxi- 
mum response to the sound pressure pp on the normal axis is given by 
po _ sin [(7rL/) sin 0] ; 
po (La) sin © er) 
If Z is large compared with X, the response as a function of © will go through a series 
of nulls and secondary maxima of successively diminishing amplitudes. 
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RATIO ee OR L/A 
Fia. 3i-2. Total beam angle for a piston, ring, and line source as a function of size of source 
to wavelength of sound being radiated. A, thin ring of diameter D. B, uniform line of 
length L. C, piston of diameter D. (Curves A and C from Massa, “ Acoustic Design 
Charts,” The Blakiston Division, McGraw-Hill Book Company, Inc., N ew York, 1942.) 


Circular Piston in Infinite Baffle. The directional radiation pattern from a large 
circular piston vibrating at constant amplitude and phase and set into an infinite rigid 
baffle may be obtained from the expression 


po _ 2J:[(7D/d) sin ©] 


Po (rD/d) sin © (31-7) 


where po = sound pressure at an angle © from the normal axis of the piston 


_ po = sound pressure on normal axis of piston 
D = diameter of piston 
’ = wavelength of sound 


J: = Bessel function of order 1 
From this equation, it can be seen that, as D/d increases, the beam width becomes 
smaller and the sound pressure goes through a series of nulls and secondary maxima 
as © progressively departs from the normal axis to the piston. 
Thin Circular Ring. The directional radiation pattern from a large narrow circular 
ring of diameter D vibrating at constant amplitude and fitted into an infinite plane 
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baffle may be obtained from the expression 


5 rD | | 
Po Jy (72 sin ) (3i-8) 
where Jo = Bessel function of order zero and all other symbols are defined under 


Eq. (31-7). 

Beam Width for Line, Piston, and Ring. From Eqs. (31-6), (3i-7), and (31-8), the 
total beam width has been computed for the radiation from each of the three types of 
sound generators. The total beam width is here defined as the angle 20 at which the 
pressure pe is reduced 10 db in magnitude from the maximum on axis response Po. 
By setting po/po equal to —10 db or 0.316 in magnitude in these equations, the three 
curves plotted in Fig. 3i-2 were computed. 
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TOTAL BEAM ANGLE IN DEGREES 
Fig. 3i-3. Directivity index of a piston or ring as a function of total beam angle where beam 
angle is defined as the included angle of the main beam between the 10-decibel-down points 
in the directional response. (Computed from Massa, ‘“‘ Acoustic Design Charts,’’ The 
Blakiston Division, McGraw-Hill Book Company, Inc., New York, 1 942.) 


83i-4. Directivity Index. It has already been mentioned that a directional trans- 
ducer has an advantage over a nondirectional structure whenever it is desired to send 
or receive signals from a particular localized direction only. The fact that the direc- 
tional transducer is less sensitive to sounds coming from random undesired directions 
makes it possible for it to detect weaker signals than would be possible with a non- 
directional unit. The measure of this improvement in decibels corresponds to the 
directivity index of the transducer. The directivity index of a transducer is defined 
as the ratio of the total power radiated by a transducer to the total power required 
by a nondirectional transducer to produce the same peak intensity as is produced by 
the directional transducer on its axis of maximum response. 

The directivity index of a transducer is expressed in decibels, and a plot of the 
directivity index as a function of beam width for a piston or ring is shown in Fig. 31-3. 


3j. Architectural Acoustics 
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3j-1. Sound-absorptive Materials. When sound waves strike a surface, the energy 
may be divided into three portions: the incident, reflected, and absorbed energy. 
Suppose plane waves are incident on a surface of infinite extent. For this case, the 
absorption coefficient a of the surface may be defined as 


des I,:ds asi 


© [lass - ds 


where J, is the time average of the intensity vector of the sound field at the absorptive 
surface; ds is the vector surface element—the positive direction being into the material 
from the incident side; and I, is the time average of the intensity vector which would 
exist at the surface slenient if the surface were removed. The absorption coefficient 
defined above is a function of angle of incidence and frequency. 

For acoustical designing in architecture it is convenient to use an “average”’ 
absorption coefficient a which is assumed to depend only on the physical characteristics 
of the material and not on the sound field. These are the values of absorption that are 
given in this section. A surface having an absorption coefficient a and area S square 
feet is said to have an absorption of aS sabins. Thus the sabin (sometimes called a 
square-foot unit of absorption) is the absorption equivalent of 1 sq ft of material hav- 
ing an absorption coefficient of unity. 

A quantity which describes the acoustical properties of a material that is more 
fundamental than absorption coefficient is its acoustic impedance, defined as the com- 
plex ratio of sound pressure to the corresponding particle velocity at the surface of the 
material. Because of the complexities involved in the solutions to problems of room 
acoustics by boundary-value theory in terms of boundary impedances,! the simpler 
concept of absorption coefficient is usually employed in calculating the acoustical 
properties of rooms, as indicated in the following section. 

Most manufactured acoustical materials depend largely on their porosity for their 
acoustic absorption, the sound waves being converted into heat as they are propagated 
into the interstices of the material and also by vibration of the small fibers of the 
material. Another important mechanism of absorption is panel vibration; when 
sound waves force a panel into motion the resulting flexual vibration converts a frac- 
tion of the incident sound energy into heat. 

The average value of absorption coefficient of a material varies with frequency. 
Tables usually list the values of a at 125, 250, 500, 1,000, and 4,000 cps, or at 128, 256, 


1P. M. Morse, ‘‘ Vibration and Sound,” chap. VIII, McGraw-Hill Book Company, 
Inc., New York, 1948. 
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512, 1,024, 2,048, and 4,096 cps, which for practical purposes are identical. In eom- 
paring materials which are used for noise-reduction purposes in offices, banks, corridors, 
etc., it is sometimes useful to employ a single figure called the noise-reduction coeffi- 
cient (abbreviated NRC) of the material which is the average of the absorption 
coefficients at 250, 500, 1,000, and 2,000 cps, to the nearest multiple of 0.05. 

Figures 3j-1 through 3j-4 give the absorption coefficient vs. frequency for several 
types of acoustical material.!. The absorption-frequency characteristics of regularly 
perforated cellulose fiber tile 3 in. thick is shown in Fig. 3j-1. These curves represent 
average coefficients for materials of the same type, thickness, and method of mounting 
but of different manufacture. Similar data are shown in Fig. 3j-2 for fissured mineral 
tile $2 in. thick. Values.of noise-reduction coefficient are shown to the right of the 
graph. Values of absorption coefficient for various types of building materials are 
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125 250 900 {000 2000 4000 NRC 
FREQUENCY (CPS) 


Fra. 3j-1. The absorption vs. frequency characteristic for regularly perforated cellulose 
fiber acoustical tile. These data represent average values for #-in. tile having the same 
thickness and mounted in the same way but of different manufacture. (After H. J. 
Sabine.) | - | 


given in Table 3j-1.2_ The equivalent absorption of individuals and seats, expressed 
in sabins, is given in Table 3j-2. More complete data, and data for other types of 
material, are given in Knudsen and Harris.? Sound-absorptive materials and struc- 
tures may be classified in the following way: (1) prefabricated units, including acous- 
tical tile, tile boards, and certain mechanically perforated units backed with absorptive 
material; (2) acoustical plasters; (3) acoustical blankets, consisting of mineral wool, 
glass fibers, hair felt, or wood fibers held together in blanket form by a suitable binder; 
(4) panel absorbers, including panels of plywood, paperboard, and pressed-wood fiber; 
(5) membrane absorbers consisting of a membrane of negligible stiffness backed by an 
enclosed air space; (6) resonator absorbers of the Helmholtz type; and (7) special types. 


1C, M. Harris, ‘‘Handbook of Noise Control,’’ chapter by H. J. Sabine, McGraw-Hill 
Book Company, Inc., New York, in preparation. | 

2 Acoustical Materials Association, Bull. XV, New York, 1955. 

3.V. O. Knudsen and C. M. Harris, ‘‘ Acoustical Designing in Architecture,’’ John Wiley 
& Sons, Inc., New York, 1950. 
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- FREQUENCY (CPS) S 
Fia. 3j-2. The absorption vs. frequency characteristic for fissured mineral tile. These data 
represent average values for 13-in. tile having the same thickness and mounted in the same 
way but of different manufacture. (After H. J. Sabine.) 
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Fie. 3j-3. The absorption vs. frequency characteristic for regularly perforated cellulose 
fiber acoustical tile which has been spot-cemented to a rigid surface. These data represent 
the average value for tiles of different manufacture, mounted in the same way and having 
different thickness. (After H. J. Sabine.) 


3j-2. Reverberation-time Calculations. After sound has been produced in or 
enters an enclosed space it will be reflected by the boundaries of the enclosure. 
Although some energy is lost at each reflection, several seconds may elapse before the 
sound decays to inaudibility. This prolongation of sound after the original source 
has stopped is called reverberation, a certain amount of which is found to add a pleasing 
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TABLE 3j-1. ABSORPTION COEFFICIENTS FOR BuILDING MATERIALS* 


Coefficients 
Material —__—-___— 
125 cps 500 cps 2,000 cps 
Brick wall, painted............... eaysncneh acaeannes 0.012 0.017 0.023 
Same, unpainted............... 000.020 eee 0.024 0.038 0.049 
Carpet, unlined..... tia ato eb no atta auc Seve igo 0.09 0.20 0.27 
Same, felt-lined............. 0.0.2.0 0 ee eee 0.11 0.37 0.27 
Fabrics, hung straight: 
Light, 10° 02/sQ7y diss: ise secs ep een Sia as 0.04 0.11 0.30 
Medium, 14 0z/sq yd..............000 0000 0.06 0.13 0.40 
Heavy, draped, 18 oz/sq yd................ 0.10 — 0.50 0.82 
Floors: 
Concrete or terrazZ0......... 0.0 eee 0.0L 0.015 0.02 
W O00 sina s chee’ hee bance co bee 0.05 0.03 0.03 
Linoleum, asphalt, rubber or cork tile on con-| | 
CPOUC hee aude Howe Ree ae eee oes 0.03-0.08 
IRS faces chee aie Pe teas easton ee ae es 0.035 0.027 0.02 
Marble or glazed tile....................086. 0.01 0.01 0.015 
Openings: 
Stage, depending on furnishings............. 0.25-0.75 
Deep balcony, upholstered seats............ | 0.50~-1.00 
Grills, ventilating. ian iwc anes Geet Seeks 0.15-0.50 
Plaster, gypsum, or lime, smooth finish on tile or 
PIC 6 a cry RA oe EOE ae OH EN ..{| 0.013 0.025 0.04 
Same: on lathve cond losxax eases tacetsane se 0.02 0.03 0.04 
Plaster, gypsum, or lime, rough finish on lath..| 0.039 0.06 0.054 
Wood. paneling. sa5o4 ose ik neh ea 0.08 0.06 0.06 


oe ee E 


* From AMA Bull. XV, no. 2. 


TABLE 3j-2. ABSORPTION OF SEATS AND AUDIENCE* 
(In sabins per person or unit of seating) 


125 cps 500 cps 2,000 cps | 
Audience, seated, depending on character | 
Of BEAUS;-ChOnt 3 gu Bs HE at aia ts ate ek 1.0-2.0 3.0-4.3 3.5-6.0 
Chairs, metal or wood................-- 0.15 0.17 0.20 
W 00d DOWS oda 5s4 Hates sa ee eat 0.40 
Pew cushions (without pews)............| 0.75-1.1 1.45-1.90 1.4-1.7 


Theater and auditorium chairs: 


Wood-veneer seat and back........... 0.25 
Upholstered in leatherette...........-. 1.6 
Heavily upholstered in plush or mohair. 2.6-3.0 


en ar ase sae mR a A SE Sa 


* From AMA Bull. XV, no. 2. 
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e 
characteristic to the acoustical qualities of a room. On the other hand, excessive 
reverberation can ruin the acoustical properties of an otherwise well-designed room. 


Because of the importance of the proper control of reverberation in rooms, a 
standard of measure called reverberation time (abbreviated t.)) has been established. 


It is one of the important parameters in architectural acoustics. 


This is the time 


required for a specified sound to die away to one-thousandth of its initial pressure, a | 


drop in sound pressure level of 60 db. 
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It is given by the following equation: 


(3j-2) 


Fia. 3j-4. Values of the attenuation coefficient m as a function of relative ‘bunudity for 
different frequencies. (After V. O. Knudsen and C. M. Harris.) 


and when 4 is small compared with unity, 


0.049V 


= Sa+4mv 8 


where V = volume of the room, cu ft 
S = total surface area, sq ft 
& = average absorption coefficient given by 


a1 + axe + a383 + --: - _ @ 


a= = — 


Sit+tS:+83;+--- S 


a, = absorption coefficient of area S,, etc. 
a = total absorption in the room, sabins 


(3-3) 


(3j-4) 
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The quantity m is the attenuation coefficient for air given by Fig. 3j-4.! For rela- 
tively small auditoriums and frequencies below 2,000 cps, the mV term can usually 
be ee so that Eq. (3j-3) reduces to 


F 0.049V 
00 = oa 


3j-3. Optimum Reverberation Time. A certain amount of reverberation in a room . 
‘adds a pleasing quality to music. Since the reverberation time one would consider 
to be optimum is a matter of personal preference, it is not a quantity that can be 
calculated from a formula. On the other hand, useful engineering-design data may 
be obtained from a, critical evaluation of empirical data based upon the preference 
evaluations of large groups of individuals. The results of such information from all 
available sources considered reliable, in this country and abroad, have been carefully 
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Fia. 3j-5. Optimum reverberation time at 512. eps for different types of rooms as a function 
of room volume. . This figure should be used in conjunction with Fig. 3j-6 to obtain 
optimum reverberation time as a function of frequency. (After V. O. Knudsen and C. M. 
Harris.) - | . 


evaluated by Knudsen and Harris,! who have published the curves for optimum 
reverberation time shown in Figs. 3j-5 and 3j-6. The data in Fig. 3j-5 give the 
optimum reverberation times at 512 cps as a furfCtion of volume for rooms and audi- 
toriums that are used for different purposes. Since the optimum reverberation 
time for music depends on the type of music, it is represented by a broad band. The 
optimum reverberation time for a room used primarily for speech is considerably 
shorter; a reverberation time longer than those shown results in a decrease in speech . 
intelligibility. 

The optimum reverberation times at frequencies other than 512 eps is obtained by 
multiplying the values given in Fig. 3j-5 by the ratio R from Fig. 3j-6 for the desired | 
frequency. These data indicate that below 512 cps the optimum reverberation time 
may fall anywhere in a wide range shown by the crosshatched band; smaller rooms 
usually have preferred ratios that are in the lower part of the band. 


1 Tbid. 
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3j-4. Air-borne Sound Transmission through Partitions. The fraction of incident 
sound energy transmitted through a partition is called its transmission coefficient r. 
In rating the noise-insulating value of partitions, windows, and doors, it is generally 
convenient to employ a logarithmic quantity, transmission loss T.L., which is equal 
to the number of decibels by which sound energy that is incident on a partition is 
reduced in transmission through it. The two quantities are related by the equation 


TL. = 10 log = db (3)-6) 


Air-borne sound is transmitted through a so-called ‘‘rigid’’ partition, such as a wall 
of concrete or brick, by forcing it into vibration; then the vibrating partition becomes 
a secondary source, radiating sound to the side opposite the original source. Over a 
large portion of the audible range, such a partition, on the average, approximates a 
mass-controlled system so that its transmission loss should increase 6 db each time 
the weight of the partition is doubled. In most actual partitions the increase is 
usually less, say 4 to 5 db for the average frequency,range between 128 and 2,048 cps. 
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Fig. 3j-6. Chart for computing optimum reverberation time as a function of frequency 
The time at any frequency is given in terms of a ratio R which should be multiplied by the 
optimum time at 512 eps (from Fig. 3j-5) to obtain the optimum time at that frequency. 
(After V. O. Knudsen and C. M. Harris.) 


This is illustrated by Fig. 3j-7, which gives the transmission loss (averaged over 
frequency in the range from 128 to 4,096 cps) as a function of weight of the partition 
in pounds per square foot of surface area. The straight line represents the calculated 
transmission loss assuming that the values of T.L. increase 6 db for each doubling of 
the weight. The transmission loss for a partition is not constant with frequency, 
increasing usually 3 to 6 db/octave. 

Note that a compound-wall construction can yield relatively high sound insulation 
with relatively low mass per unit wall area. The double-wall construction is one such 
example. It is important that the separation between the walls be as complete as 
possible—structural ties will greatly reduce the effectiveness of such a structure. 

Values of transmission loss for various types of walls and floors employed in ordinary 
building construction are given in Table 3j-3 and Fig. 3j-7.! 

3j-5. Noise Level within a Room. The sound level of noise which is transmitted 
into a room from the outside depends on (1) the noise-insulating properties of its 


1 Knudsen and Harris, op. cit.; Sound Insulation of Wall and Floor Constructions, 
Building Materials and Structures, Natl. Bur. Standards (U.S.) Rept. 144 (1955). 
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bounding surfaces, (2) the total absorption in the room, and (3) the characteristics 
of the noise source. The following formula gives a rating of the over-all noise reduc- 
tion provided by the enclosure. It represents, approximately, the difference between 
the noise level outside a room and the noise level inside a room. 


Noise-insulation factor = 10 log 7 db (3)-7) 


where a represents the total absorption in the room in sabins defined by Eq. (3j-4), and 
T represents the total transmittance of the enclosure given by 


T = 7181 + r2S2 4+ 7383 + + +s (3j-8) 


where 7; is equal to the transmission coefficient of area Si, etc. 
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Fia. 3j-7. Transmission loss, average over frequency in the range from 128 to 4,096 cps, as a 
function of weight of the parts in pounds per square foot of surface area. 
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If a source of noise is within a room, then at distances near to the source the sound 
pressure decreases inversely with increasing distance from the source; there is & 
decrease in sound pressure level of 6 db for each doubling of the distance from the 
source, just as if the source were in the open air. However, at every point in the room 
there will be an additional contribution to the total pressure as a result of reflections 
from the walls. As one recedes from the source the reflected contributions become 
more and more important until direct sound from the source becomes negligible by 
comparison. . 

Then if the sound field i is diffuse (perfect diffusion is said to exist if the sound pres- 
sure everywhere in the room is the same, and it is equally probable that the waves are 
_ traveling in every direction) the sound pressure level in the room will be given approxi- 
mately by 


L> = 10 log ~ +136.4 db (3j-9) 


if a value of pc = 40.8 rayls is assumed for air, and 
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where W = power of the sound source, watts 

7 = total absorption of the room, sabins 
A copsideration of the above formula shows that, if the acoustic-power output of the 
noise source remains constant, and if the total absorption in the room is increased 
froma; to a, the reduction in noise level is given by 


Noise reduction = 10 log = db (3j-10) 
1 


TABLE 3j-3. VaLurs or Transmission Loss T.L. vs. FREQUENCY FOR , VARIOUS 
Types OF WALL AND FLOOR CONSTRUCTION* 


Aver- 
‘ Weight, | age, | 128 | 256 | 512 | 1,024! 2,048) 4,096 
Construction iby/eer fs | 428: cobs: eps. hepar| ops: | opar|-ape AuthorityT 
4,096 
Wood studs 2 by 4 in., 16 in. o.c.: 
With lime plaster { in. thick on 
metal. lath:< ¢i0¢2e4-< esa eke eo4 os 19.8 44 26 | 41 | 44 52 56 58 N.B.S. 
va gypsum plaster 3 2 in. thick on 
3-in. gypsum lath................ 15.2 41 33 | 31 | 39 | 46 49 66 N.B.S. 
Wood studs, 2 by 4 in., staggered; $-in. 
gypsum plaster on metal lath......}| 19.8 50 44 | 47 | 47 | 50 52 63 N.B.S. 
Staggered wood studs 1 by 3 in., t-in, 
plywood glued to both sides....... 2.6 26 14 | 20 | 28] 33 40 30 N.B.S. 


Two sets of 2- by 2-in. wood studs, 

4-in. plywood sheet inserted in 4-in. 

space between studs, 4in. plywood 

faces, slightly compressed paper- 

backed mineral wood inserted in 

both air spaces, total panel thickness . 

4% in. A 5.1 37 20 | 31 | 37 41 49 50 N.B.S. 
Steel studs: 3i in., 163 in. 0.€., qin. gyp- 

sum plaster on expanded sia lath.| 19.6 37 30 | 28 | 35 | 40 43 53 N.B.S. 
Brick, laid on edge; gypsum plaster on 

both side@Sic ices es eee dk eee ees 31.6 42 40 | 37 | 49 59 N.B.S. 
Tile, hollow partition, 4 in. thick, 

pumice-cement block, two cells 4 by 


8 by 16 in., no plaster............./ 15.5 11 8 5 9 14 19 17 N.B.S. 
Same, but one side plastered.........| 20.4 35 31 | 27 | 35 | 36 40 47 N.B.S. 
Same, but both sides plastered....... 25.3 37 32 | 34 | 36 | 39 42 52 N.B.S. 
Cinder block, hollow partition 3 by 8 

by 16 in., plaster on both sides..... 32.2 45 34 | 37 | 42] 51 57 64 N.B.S. 


Multiple-block partition; two leaves, 

each of 3-in. hollow blocks, sepa- 

rated by 2-in. cavity and built on 

opposite sides of gap separating 

rooms; outer faces plastered (two 

partitions of nominally the same 

construction)................00. 28 | 9 | 54] 38/47! 49 | 69 | 77 | N.PLL. 
Wood joints, 2 by 8 in., $-in. fiber- 

board lath and 3-in. gypsum plaster 

ceiling; 1l-in. pine subflooring and 

1-in. pine finish flooring........... 14.3 45 23 | 34 | 47 | 55 54 69 N.B.S. 
Same joists and ceiling as above; 1-in. 

‘pine subfloor; Zein, fiberboard, 1- by 

3-in. sleepers, and 1-in. pine finish 

MOOT Ai cs eos ess solidi a ty ghealh BUR is ee ata 16.2 50 30 | 37 | 50 57 65 79 N.B.S. 


* For the average values for other types of construction, and for windows and doors, also see Fig. 3j-7. 
1 N.B.S. denotes National Bureau of Standards; N.P.L. denotes National Physical Laboratory. 
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According to this equation, which should be regarded as an engineering approximation 
to actual conditions, if the absorption in a room is increased by a factor of 4 the noise 
reduction will be 6 db. It shows that the addition of absorption level in a room will 
provide substantial noise reduction in average level in a room that is relatively bare 
but little decrease level in a highly damped room. The reduction will be different at 
different frequencies since the total absorption is a function of frequency. However, 
it is sometimes convenient to employ the noise-reduction coefficient of a material to 
obtain a single noise-reduction figure. Besides reducing the steady-state level, the 
addition of absorptive treatment in a room also provides beneficial effects by reducing 
the reverberation time in the room and by localizing the source of noise to the area in 
which it originates—thereby minimizing unexpected noises. 


TABLE 3j-4. RECOMMENDED ACCEPTABLE AVERAGE Noise LEVELS IN 
UnoccuPiED Rooms* 


Decibels 
Radio, recording, and television studios.............. 25-80 
MUSIC TOGIME : cosets es Soe herent dig oe ea eins BOFSD 
Legitimate theaters.................. bs ee aisetsnad dongs 30-35 
PHOS Pals ehhh £8104 wuss eee Cie hala ei ceed Sabu aed ely esdea le, 35-40 
Motion-picture theaters, auditoriums................ 35-40 
CORT CC So sete oe. ac 8s ieee ch aad eae Sintarave ce tae agse sills Gea 35-40 
Apartments, hotels, homes.................0.00 00. 35-45 
Classrooms, lecture rooms ..............0 000 e ee eee 35-40 
Conference rooms, small offices......... ee Ree 40-45 
COUrtTOOMS i ic5 etka aeace ees cesoad eae eto 40-45 
Private OliCes ie eoctaee hue g a ea ead erates Meee ¢ 40-45 
TOPALICS: 2° oat <tn st Mate kero ta aes Geeta: 40-45 
Large public offices, banks, stores, etc............... 45-55 
RREStAUTANUSS ccs, cours toe cates. cas Se eek dR odaews 50-55 


The levels given in this table are ‘“‘ weighted’’; i.e., they are the levels measured with a standard sound- 
level meter incorporating an ‘‘A”’ (40-db) frequency-weighting network. 

* V. O. Knudsen and C. M. Harris, ‘‘ Acoustical Designing in Architecture,’’ John Wiley & Sons, Inc., 
New York, 1950. 


3j-6. Acceptable Noise Levels for Various Types of Room. ‘Table 3j-4 gives values 
of recommended acceptable average noise levels for unoccupied rooms with the ventila- 
tion system in operation. These values are used for design purposes, for example, in 
computing the amount of over-all noise insulation that should be provided for a room. 
They hold for typical room-noise spectra. Although even lower noise levels than those 
which are listed may provide some advantage under certain circumstances, and may 
be desirable if cost is not a factor, this table gives values which represent a combination 
of acceptability and economic practicality. For certain types of room the values 
which are recommended are lower than those which are commonly found. 


3k. Speech and Hearing 


EDWIN B. NEWMAN! 


Harvard University 


The data concerning hearing are, without exception, empirical in derivation. Con- 
sequently, the values reported always represent some parameter of a population, most 
often a mean, and the reader is warned to bear constantly in mind the many sources 
of variability that attach to any particular measurement. 


3k-1. Physical Dimensions of the Ear 


TaBLeE 3k-1. PoysicaL DIMENSIONS OF THE EaR* 


Pinna: 
Mean length, young men, 65.0 mm 
Range, 52-79 mm 
Auditory meatus: 
Cross section, 0.3-0.5 cm? 
Diameter, 0.7 cm 
Length, 2.7 cm 
Volume, 1.0 ce 
Tympanic membrane: 
Area, 0.5—-0.9 cm? (roughly circular) 
Thickness, about 0.1 mm 
Volume elasticity for 10 cps, equivalent 
to about 8 cc air 
Displacement amplitude for 1,000-cps 
tone (at threshold), 10~-° cm 
Displacement amplitude for low-fre- 
quency tones (threshold of feeling), 
about 107? cm 


Middle ear: 
Total volume, about 2 cc 
Malleus: | 
Weight, 23 mg 
Length, 5.5-6.0 mm 
‘Incus: weight, 27 mg 
Stapes: 
Weight, 215 mg 
Length of footplate, 3.2 mm 
Width of footplate, 1.4 mm 
Area of footplate, 3.2 mm? 
Width of elastic ligament, 0.015- 
0.1 mm 
Cochlea: 
Length of cochlear channels, 35 mm 
Height of scala vestibuli or scala tym- 
pani, about 1 mm (great variability) 
Round window: area, 2 mm? 
Basilar membrane: 
Width at stapes, 0.04 mm 
Width at helicotrema, 0.5 mm 
- Helicotrema: area of opening, 0.25- 
0.4 mm? | 


*S. 8. Stevens, ed., ‘‘ Handbook of Experimental Psychology,’”’ John Wiley & Sons, Inc., New York, 


1951. 


3k-2. Acoustic Impedance of the Ear. 


Reasonable agreement on measurements 


below 1,000 cps has been obtained. The reference point for measurements is just 


1 This section benefited from the advice and assistance of Dr. S. 8S. Stevens and Mrs. 


Nancy C. Waugh. 
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TABLE 3k-2. Acoustic IMPEDANCE OF THE Ear IN Acoustic Oums, M®aAsuRED 
JUST WITHIN THE MratTus 


Frequency Total impedance Resistive component Reactive component 
250 200 . 50 : — 190 
350 150 40 . —145 
500 125 35 —115 
700 70 25. —65 
1,000 55 25 —50 


Above 1,000 cycles, measurements depend increasingly on the method of measurement. 


TABLE 3k-3. Mintmum AUDIBLE PRESSURE AT ENTRANCE TO EXTERNAL HAR 
Canat (MAC), IN DecrBELS SPL 


Frequency 


so | 125 | 250 | 500 | 1,000! 2,000 4,000 6,000 | 8,000 | 10,000 


pa) | | 


Threshold....| 43.5 | 30.0 | 18.5 | 11.5 | 9.0 | 8.0 | 9.5 | 13.0] 17.0 |21.0 


The following corrections may be applied if it is desired to find thresholds for other 
conditions: | 


a. MAC to Threshold Pressure at Eardrum? 


Frequency 


125 | 250 | 500 1,000 | 2,000 | 4,000 6,000 | 8,000 | 10,000 


ee | ef | SS | | OOOO OOOO 


Add.........0.0| 0.0| —0.5| —1.0} —4.5 | —10.5 | —4.0| —2.5 


Frequency 


125 | 250 | 500 | 1,000} 2,000/ 4,000) 6,000 | 8,000} 10,000} Coupler 


ewer ene | ere |e mene nf | 


Add for | 

PDR-8 with 

MX-41/AR +8.0 eed OE EO ine Ol eee) —3.0). .. NBS-9A 
Add for WE 

TO5A....... +13.0}) +4.0 40.5 +1.0/+4.5)+5.0) —0.5)—7.0)_ .. NBS-9A 


AO26A...... 4+14.5)/+11.0/+0.5|—3.5}/4+1.0/+0.5) —4.0)—-7.5) .. | NPL? 


a 

« ¥. M. Wiener and D. A. Ross, The Pressure Distribution in the Auditory Canal in a Progressive 
Sound Field, J. Acoust. Soc. Am. 18, 401-408 (1946). 

’L,. J. Wheeler and E. D. D. Dickson, The Determination of the Threshold of Hearing, J. Laryngol. 
Otol. 66, 379-395 (1952). 

cK. L. R. Corliss, R. F. Brown, Jr., M. D. Burkhard, R. P. Thompson, Jr., and J. F. Mullen, Methods 
for Calibration of Hearing Diagnostic Instruments, Natl. Bur. Standards (U. ‘Ss. ) Rept. 1470, 1-43 (1952). 
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TaBLe 3k-3. Minimum AvupIBLE PREssuRE AT ENTRANCE TO EXTERNAL Ear 
CanaL (MAC), In Decipets SPL (Continued) 


c. MAC to Free Field (MAF) (plane wave, 0° azimuth in absence of head )4 


Frequency 
a A a ee ee 
125 250 | 500 | 1,000/ 2,000 | 4,000 | 6,000 | 8,000 10,000 


Add.......... +1.0} +0.5| —2.0) —4.0} —11.0| —12.5|] —7.0| —3.0!| —3.0 


d. Mean Monaural to Mean Binaural Listeninge 
eee 
Frequency 
a a a 


125-2,000-| 4,000 6,000 8,000 10,000 


7: (6 Lae ae ne ee —2.0 —3.0 | —4.0 —5.0 —6.0 
e. Reference Age Group (18-25) to Older Age Groups‘ 


Frequency 


ae ane eee Tee Ge 
125-1,000 | 2,000 | 4,000 | 6,000 | 8,000 | 10,000 


rr tn fe 


Add for: 
Men 30-39......... +1.0 +2.0 +5.0 +6.0 +6.0 +7.0 
Men 40-49......... +2.0 +5.0; +13.0 |) +13.0] +11.0/] +13.0 
Men 50-59......... +5.0 +13.0 | +27.0 | +32.0] +35.0] +35.0 
Women 30-39...... +1.0 +2.0 +3.0 +4.0 +4.0 +4.0 
Women 40-49...... +3.0 +5.0 +6.0 +8.0 +9.0 +9.0 
Women 50-59....... +5.0 +9.0 | +13.0 | +18.0 | +20.0 | +22.0 


¢L. J. Sivian and S. D. White, On Minimum Audible Sound Fields, J. Acoust. Soc. Am. 4, 288-321 
(1933). 

¢ H. Fletcher, ‘‘Speech and Hearing in Communication,” p. 131, D. Van Nostrand Company, Inc., 
New York, 1953. 

J J.C. Steinberg, H. C. Montgomery and M. B. Gardner, Results of the World’s Fair Hearing Tests, 
J. Acoust. Soc. Am. 12, 291-301 (1940); J. C. Webster, H. W. Himes, and M. Lichtenstein, San Diego 
County Fair Hearing Survey, J. Acoust. Soc. Am. 22, 473-483 (1950). 


within the external meatus. The values in Table 3k-2 are representative but are 
subject to wide variations among individuals.! 

3k-3. Minimum Audible Sound. The best recent measurements use as their point 
of reference the sound pressure level of a tone, heard one-half the time, and measured 
at the entrance to the external meatus. The observations were made on healthy 
young men, eighteen to twenty-five years of age, tested individually with earphones, 
one ear at a time. Sound pressures were determined with a probe-tube microphone 
and are given in decibels above 0.0002 dyne/cm?2. N = 1,200 ears.2 

1K. Waetzmann and L. Keibs, Hérschwellenbestimmungen mit dem Thermophon und 
Messungen am Trommelfell, Ann. Physik 26, 141-144 (1936); O. Metz, The Acoustic 
Impedance Measured on Normal and Pathological Ears, Acta Oto-Laryngol., Suppl. 63, 
1-254 (1946); A. H. Inglis, C. H. G. Gray, and R. T. Jenkins, A Voice and Ear for Tele- 
phone Measurements, Bell System Tech. J. 11, 293-317 (1932). 

2 R. 8. Dadson and J. H. King, A Determination of the Normal Threshold of Hearing 
and Its Relation to the Standardization of Audiometers, J. Laryngol. Otol. 66, 366-378 
(1952); L. J. Wheeler and E. D. D. Dickson, The Determination of the Threshold of 
Hearing, J. Laryngol. Otol. 66, 379-395 (1952). 
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3k-4. Threshold of Feeling or Discomfort. The upper limit for a tolerable intensity 
of sound rises substantially with increasing habituation. Moreover, a variety of sub- 
jective effects are reported, such as discomfort, tickle, pressure, and pain, each at a 
slightly different level. As a simple engineering estimate it can be said that naive 
listeners reach a limit at about 125 db SPL and experienced listeners at 135 to 140 db. 
These are over-all measures of sound falling within the audible range and are roughly 
independent of frequency. 

3k-5. Differential Thresholds for Pure Tones and Noise. A differential threshold 
represents a careful determination by laboratory methods of the ability of a subject 


TaBLE 3k-4. DirFERENTIAL THRESHOLD FOR INTENSITY, IN DECIBELS 


Pure tones, frequency in cps 
Sensation level, 


db above absolute White 


threshold 35 | 70 | 200 | 1,000} 4,000 | 7,000 | 10,000} °"~. 
noise 

5 _... | .... | 4.75 | 3.03 | 2.48] 4.05 | 4.72 | 1.80 
10 7.24 | 4.22 | 3.44 | 2.35 | 1.70 | 2.83 | 3.341 1.20 
20 | 4.31 | 2.38 | 1.93 | 1.46 | 0.97 | 1.49 | 1.70 | 0.47 
30 2.72 | 1.52 | 1.24 | 1.00 | 0.68] 0.90] 1.10 | 0.44 
40 1.76 | 1.04 | 0.86 | 0.72 | 0.49 | 0.68 | 0.86 | 0.42 
50 _... | 0.75 | 0.68 | 0.53 | 0.41 | 0.61 | 0.75 | 0.41 
60 _... | 0.61 | 0.53 | 0.41 | 0.29 | 0.53 | 0.68 | 0.41 
70 _... | 0.57 | 0.45 | 0.33 | 0.25 | 0.49 | 0.61 

80 0.41 | 0.29 | 0.25 | 0.45 | 0.57 

90 0.41 | 0.29 | 0.21 | 0.41 

100 0.25 | 0.21 

110 0.25 


TABLE 3k-5. DirFERENTIAL THRESHOLD FOR FREQUENCY, IN AF’/F* 


ge ET Te 


Sensation level, Pure tones, frequency in cps 
db above abso- : 
lute threshold 60 125 250 500 1,000 2,000 4,000 
5 0.0252 | 0.0110 | 0.0097 | 0.0065 | 0.0049 | 0.0040 | 0.0077 
10 | 0.0140 | 0.0060 | 0.0053 | 0.0035 | 0.0027 | 0.0022 | 0.0042 
15 0.0092 | 0.0040 | 0.0035 | 0.0024 | 0.0018 | 0.0014 | 0.0028 
20 0.0073 | 0.0032 | 0.0028 |; 0.0019 | 0.0014 | 0.0012 | 0.0022 


30 0.0032 | 0.0028 | 0.0019 | 0.0014 | 0.0041 | 0.0022 


* J. D. Harris, Pitch Discrimination, J. Acoust. Soc. Am. 24, 750-755 (1952). 


to just detect, and report, a difference in any specific property of a sound, all other 
factors presumably being held constant. 

The method for determining the differential threshold for intensity of pure tones 
employed one tone beating with a second tone at 3 beats per second.!' Much evidence 
is available to support what should be kept always in mind, that thresholds determined 


1R. R. Reisz, Differential Intensity Sensitivity of the Ear for Pure Tones, Phys. Rev. 
31, 867-875 (1928). 
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by other methods are a function of numerous psychological parameters and will differ 
systematically from the values in Table 3k-4. A more conventional method was used 
to determine the thresholds for white noise, with the results given in the last column.! 

The ability to distinguish pitch is subject to.a greater range of individual variability 
than other functions reported here. The data given are for three trained listeners and 
have been smoothed in both directions. Untrained listeners usually require a greater 
frequency difference than that reported here. Note also that individual listeners 
commonly show idiosyncrasies at particular frequencies. 

8k-6. Masking. Masking refers to our inability to hear a weak sound in the 
presence of a louder sound. It is usually measured by the amount of change in the 
threshold of the weaker sound, i.e., how much more intense must the weak.sound. be 
made in order to be heard over the masking sound, than it needed to be when the 
masking sound was not present. The masking of one pure tone by another is a com- 
plex function of the particular frequencies and of the absolute level of the respective 
tones. See any standard text on hearing for the curves describing this relationship. 

The masking of a pure tone by a noise with a reasonably flat and continuous spec- 
trum is a linear function (except at levels below 10 db) of the total intensity within a 
“critical band’’ centered on the masked tone.. The width of the critical band of 


frequencies whose total energy is just equal to the energy of the masked tone is given 
by Table 3k-6. 


TaBLe 3k-6. WiprH or “CRITICAL BAND” AF as A FUNCTION OF CENTER 
FREQUENCY F (10 log AF)* 


Pred uoney 


100 250 | 500 | 1,000 ; 2,000 | 4,000 8,000 |10,000 


oe: pn bene Gemnenenl Geeeeered LAER Game Re 


AF, db 19.4 | 17.1 17.1 18.0 (19.9 23.1 27.7 | 29.2 


* N. R. French and J. C. Steinberg, Factors Governing the ey of pepeesh renee J. Acoust. 
Soc. Am. 19, 90-119 (1947). 


The masking of one continuous noise by another can be thought of as a case of 
differential sensitivity to change in the intensity of a noise (see last column of Table 
3k-4). Thus, above 40 db SPL, if a weak noise is more than 10 db less intense than a 
very similar masking noise, the weak noise will not be heard; its presence or absence 
does not produce a discriminable difference in intensity. If the spectral composition 
of the two noises, masking and masked, are quite different, then the critical-band 
concept must be employed. 

3k-7. Sounds of Short Duration. Acoustic disturbances of very short duration, 
1.e., less than 0.0001 sec, are heard only to the extent that they transmit energy to the 
ear. Short pulses at aitrasonio frequencies are generally not heard unless they are 
rectified. Impulse or step functions excite. the ear, but not efficiently. 

At the opposite extreme, tones, or continuous noise, of duration greater than from 
0.2 to 0.5 sec, are generally heard independently of duration. Between these limits 


relatively complex relations are found.” 


As a first approximation for both tones and noise, the effective intensity of short 
sounds is a function of total energy integrated over the duration of the sound. More 


1G. A. Miller, Sensitivity to Changes in the Intensity of White Noise and Its Relation 


to Masking and Loudness, J. Acoust. Soc. Am. 19, 609-619 (1947). 


28. S. Stevens, ed., ‘‘ Handbook of Experimental Psychology ,: ’ pp. 1020-1021, John 
Wiley & Sons, Inc., New York, 1951. : 


2 satan CSI > eS kek na aS SRAM RANE BETES IS 
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accurately, the threshold is defined by! 
| | I, = kIe* | (3k-1) 


For some short tones and for many types of impulse noise, account must be taken of 
the frequency distribution of energy. Inasmuch as the ear varies in sensitivity as a 
function of frequency, any change in the shape or duration of a short acoustic pulse 
will also change its effectiveness because of the altered spectral composition. 

8k-8. Loudness. Loudness and pitch are ways in which a listener reacts to sounds. 
Furthermore, within limits, a listener can use numbers to describe how much of a 
response he makes to the sound. These numbers usefully describe how loud, or how 
high in pitch, a sound seems to be. It is then necessary to relate how loud it is (sub- 
jective response) to how intense it is in physical terms. The loudness of a pure tone 
of 1, 000 cps is described by the following relationship: 


log L = 0.0301N — 1.204 _ (3k-2) 


in which LZ is the loudness measured in sones and N is the loudness level in phons 
(equal to the sound pressure level of the tone in decibels above 0.0002 dyne/cm?).? 
Another way of putting this is to say that eee doubles for each 10-db change in 
sound pressure level. | 


TABLE 3k-7. LOUDNESS LEVEL AS A FUNCTION oF SOUND PRESSURE LEVEL 
AND FREQUENCY* 


~ 


Sound pressure REedueney, 
level 
125 250 500 1,000 | 2,000 | 4,000 | 8,000 | 10,000 
PQse i ees tee aces 10.0 18.0 18.0 
| a ee eee 6.3 16.0} 20.0; 28.0| 28.0 11.0 
30 4.0 18.0 | 26.5] 30.0] 37.0; 36.5] 20.5] 17.0 
40 17.0} 31.0; 38.5}; 40.0} 45.5] 45.0] 29.5) 26.0 
50 34.0; 45.5] 52.0] 50.0] 55.0} 54.0} 38.0] 35.0 
60 52.0] 59.5} 64.5; 60.0] 64.0] 68.5] 47.0] 438.5 
70 70.0} 72.5! 76.0! 70.0; 73.5} 72.5) 56.0] 53.5 
80 86.0 | 84.5! 86.0; 80.0; 84.5] 88.0; 66.0] 63.5 
90 98.0| 95.5} 96.0] 90.0| 95.0 | 94.5} 77.0] 738.5 
- 100 108.0 | 105.5 | 105.0 | 100.0 | 106.0 |; 106.0; 88.0 | 85.5 
0| 117.0 | 117.5 | 101.5 | 98.0 


110 118.0 | 115.5 | 113.0 | 110. 


* American Standard for Noise Measurement, ASA Z24.2—1942, 


There is some evidence that the loudness of a noise grows more rapidly than that 
of a tone with an increase in sound pressure level, especially at low levels. The exact 
relations are less well known than those for a tone. 

The loudness of tones at other frequencies than 1,000 cps is given by determining 
the loudness level in the manner described below and converting to tones by Eq. (8k-2). 

3k-9. Loudness Level. The loudness level of a tone of 1,000 cps, expressed in 
phons, is defined as the sound pressure level in decibels above the reference level of 
0.0002 dyne/cm?. 

The loudness level of tones of other frequencies is given by the empirical relations in 


Table 3k-7. 


1D. B. Yntema, ‘‘The Probability of Hearing a Short Tone Near Threshold,’”’ Ph.D. 
Dissertation, Harvard University, 1954, 43 pp. 
2S. S. Stevens, The Measurement of Loudness, J. Acoust. Soc. Am. 27, 815-829 (1955). 
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_ Note that this table is based on the ASA standard and presumes the “‘free-field”’ 
measurement of sound pressure. This requires a measurement of a plane progressive 
wave at the listener’s position before the listener is placed in the field. More meaning- 
ful measurements would doubtless be obtained from pressure measurements at the 
ear. For this purpose, apply the corrections contained in Table 3k-3c to the ear canal 
pressures before entering Table 3k-7. 

To enter the table with sound pressure levels measured under other conditions, first 
add the corrections in Table 3k-3c, then subtract rather than adding corrections in 
Tables 3k-3a through 3k-3d. Note, however, that corrections given for presbycusis 
in Table 3k-3e may give quite misleading results because of recruitment at high 
frequencies in some elderly people. 

8k-10. Pitch. The relation between frequency and the subjective magnitude of 
perceived pitch is shown by Table 3k-8. By definition, the pitch of a tone of 1,000 cps 
at 40 db SPL is 1,000 mels.! 


TABLE 3k-8. PitcH or A Pure Tong, IN ME Ls, aS A FUNCTION OF FREQUENCY 


Frequency | Mels | Frequency Mels Frequency Mels 


oO | SOL fe SN" 


20 0 350 460 1,750 1,428 
30 24 400 508 2,000 1,545 
40 46 500 602 2,500 1,771 
60 87 600 690 ~3,000 1,962 
80 126 700 775 3,000 2,116 
100 161 800 854 4,000 2,250 
150 237 900 929 5,000 2,478 
200 301 1,000 1,000 6,000 2,657 
250 358 1,250 1,154 7,000 2,800 


300 409 1,500 1,296 10,000 3,075 


3k-11. Localization of Sound. The localization of complex sounds is primarily a 
function of time differences of arrival at the two ears, and, to a first approximation, 
such differences may be calculated by assuming the ears on either end of the diameter 
of a sphere of 7.5 cm radius. 

The localization of tones of low frequency (below 1,500 cps) is possible on the basis 
of phase differences, which may be interpreted in terms of time differences. m 

The localization of tones of high frequency is possible on the basis of intensity 
differences resulting from the sound shadow of the head. Exact measurements here 
are difficult at best. 

Sound localization is greatly aided when the head or body can be rotated, or moved 
about, in the sound field, while the observer hears the appropriate sequence of sounds.? 

Sound localization in reverberant rooms or with so-called ‘“stereophonic-sound 
sources” depends critically upon a “‘precedence effect,’’ by which the localization 
determined by the primary sound or sound from the nearer of two sound sources ig 
overriding in its effect.? 

In experiments where time differences are used to balance out intensity differenceg 


18. 8S. Stevens and J. Volkmann, The Relation of Pitch to Frequency: a Revised Scale, 
Am, J. Psychol. 53, 329-353 (1940). 

2H. Wallach, Weber die Wahrnehmung der Schallrichtung, Psychol. Forsch. 22, 238-266 
(1938). 

3H. Wallach, E. B. Newman, and M. R. er The Precedence Effect in Sound 
Localization, Am. J. Psychol. 62, 313-336 (1949). 
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in the opposite direction, 1.0 X 10-5 sec priority offsets a 6-db difference in intensity ; 
2.3 X 10° sec offsets a 14-db difference in intensity between the two ears. 

3k-12. Speech Power. The total radiated speech power, averaged over a 15-sec 
interval for a sample including both men and women at conversational levels used for 
telephone talking, has been estimated as 32 microwatts. 

When measured at the face of a telephone transmitter, this power produces the 
sound pressure levels given in Table 3k-9 for different distances from the mouth os the 
speaker.? 


TABLE 3k-9. AVERAGE SouND PRESSURE LEVEL PRODUCED By CONVERSATIONAL 
SPEECH AS A FUNCTION OF DISTANCE FROM Lips TO MICROPHONE 


Distance, cm 


Touching| 0.5 | 1.0 | 2.5 | 5.0 | 10.0 | 25.0 | 50.0 | 100.0 


Sound pressure level...... 104 102 | 99 | 95 | 90 | 85 78 | 72 | 66 


A second source of variability lies in the essentially statistical distribution of speech 
power in time. If speech power is measured in successive g-sec intervals (a time 
slightly shorter than a syllable, and slightly longer than a phoneme), a distribution is 
obtained with the mean values given in Table 3k-9 and variability that can be 
attributed to time sampling equal to a standard deviation of 7.0db.3 The distribution 
is badly skewed so that the value 7.0 db indicates only a rough order of magnitude. 
The variability is also greater when particular frequency bands are measured. 

A third source of variability is the variation in effort expended by the person who is 
talking. Asa rough approximation, a raised voice level is 6 db above conversational 
level, the loudest level that:can be maintained is 12 db above conversational level, and 
the loudest shout is 18 db above conversational level. In the other direction, a 
whisper may be 20 db below conversational level. 


1J. H. Shaxby, and F. H. Gage, Studies in the Localization of Sound. A. The Localiza- 
tion of Sounds in the Median Plane: An Experimental Investigation of the Physical 
Processes Concerned, Med. Research Council (Brit.) Spec. Rept. Ser. no. 166 (1932), 32 pp. 

2M. H. Abrams, 8. J. Goffard, J. Miller, F. H. Sanford, and 8. 8. Stevens, The Effect 
of Microphone postion on the Intelligibility of Speech in Noise, OSRD Rept. 4023 (1944), 
16 pp. 

3H. K. Dunn and 8. D. White, Statistical Moasinementa on Conversational ese” 
ey Acoust. Soc. Am. 11, 278-288 (1940). 
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8k-18. Speech Sounds 


TaBLE 3k-10. CHARACTERISTICS OF SOUNDS IN GENERAL AMERICAN SPEECH 


Formant frequencies 
aise 2 for men and women] 
Power,* db re}. _— Relative ieee Sor 


| Symbol | Example] long time frequency of . First Second Third 
average t sound, %f 
MIW] M|w!]Miw 

uw cool +0.6 1.60 300/370] 870} 950/2,240/2,670 
U cook 42.3 0.69 |440/470]1 ,020]1 , 160/2 ,240/2, 680 
o cone 42.5 0.33 1500 820 
9 talk +401 1.26 [570/590] 840] 920)2,41012,710 
v cloth}. 2.81 
ie a 43:7 A a 730|850|1 ,090/1 ,220/2 , 440|2, 810 
a ask 

a +2.5 3.95 660/860]1 , 720/2 ,050/2 , 410/2 , 850 
Fe =A 
g bet +1.6 3.44 530/610]1 , 840/2 ,330/2 , 480/2 990 
e tape | +1.4 1.84 
I bit 0.0 8.53 390|430]1 , 990/2 , 480/2 , 55013 ,070 
i beet 0.0 2.12 270/310/2 , 2902 , 790/3 ,010/3 , 310 
x bird —0.5 0.53 490|500]1 , 350/1, 640|1 ,690|1 , 960 
=) sofa eer 4.63 
A bun +2 2.33 640/760]1 , 190/1 , 400/2 ,390/2 ,780 


. * The power measurements do not represent the peak instantaneous power but the average over the 
sustained portion of the phoneme where such a period can be defined. In this case, as with the formant 
frequencies, the absolute values are highly variable, but intercomparisons enone «De various sounds are 
generally more reliable. a 

1 H. Fletcher, ‘‘Speech and Hearing i in Communication,” p. 86, D. Van Nowexed Company, Inc., 

New York, 1953. 

t G. Dewey, ‘‘ Relative:-Frequency of English Speech Sounds,” Harvard University Press, Cambridge, 

Mass., 1923. _ 

‘{ E.G. Richardson, ed., ‘‘ Technical Aspects of Sound,’ pp. 215-217, Elsevier Press, Inc., New York, 

1953. 
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TABLE 3k-10. CHARACTERISTICS OF SOUNDS IN GENERAL 
AMERICAN SPEECH (Continued) 


Formant frequencies 


Power,* db Relative for men and women] 


Symbol | Example | re long time | frequency of 
averagey sound, %t First | Second | Third |Fourth 


l lip —3.0 3.74 450 | 1,000 | 2,550] 2,950 
m me _58 2.78 140 | 1,250 | 2,250] 2,750 
n nip 7 A 7.24 140 | 1,450 | 2,300} 2,750 
n sing ey ae 0.96 140 | 2,350 | 2,750 

Ww we 0. 2.08 

r rip —1.0 6.35 500 | 1,350 | 1,850/3,500 
j yes 0.0 0.60 270 | 2,040 

p pie 15.2 2.04 ais 800 | 1,350 

t tie —11.2 7.13 —... | 1,700 | 2,450 

k . | key —11.9 2.71 _.. | Variable] 

b by 14.6 1.81 140 800 | 1,350 

d die 14.6 4.31 140 | 1,700: | 2,450 

g guy 44-9 0.74 140 | Variable 

Vv vie 12.2 2.28 140 | 1,150 | 2,500} 3,650 
f foe 16.0 1.84 -.. | 1,150 | 2,500] 3,650 
9 thin 93.0 0.37 _.. | 1,450 | 2,550 

0 then 12.6 3.43 140 | 1,450 | 2,550 

8 sip 11.0 4.55 _.. | 2,000 | 2,700 

z is 11.0 2.97 140 | 2,000 | 2,700 

§ shy —4.0 0.82 _.. | 2,150 | 2,650 

3 measure | —10.0 0.05 140 | 2,150 | 2,650 

h hit —13.0 1.81 7 

tS chop —6.8 0.52 

dz Joe 9.4 0.44 


* The power measurements do not represent the peak instantaneous power but the average over the 
sustained portion of the phoneme where such a period can be defined. In this case, as with the formant 
frequencies, the absolute values are highly variable, but intercomparisons among the various sounds are 
generally more reliable. S 

+ H. Fletcher, ‘‘Speech and Hearing in Communication,” p. 86, D. Van Nostrand Company, Inc., 
New York, 1953. . 

¢$ G. Dewey, ‘‘ Relative Frequency of English Speech Sounds,’”’ Harvard University Press, Cambridge, 


Mass., 1923. 
§ E. G. Richardson, ed., “‘ Technical Aspects of Sound,” pp. 215-217, Elsevier Press, Ine., New York, 


1953. 


8k-14. Articulation Index. The articulation index is a set of numbers that makes 
possible the prediction of the efficiency of some types of voice-communication systems 
by the addition of suitably chosen values. The operations involve (1) dividing the 
speech spectrum into a series of bands having an equal possible contribution AA to the 
total efficiency, and (2) determining what proportion of the AA each band will con- 
tribute under the particular noise and speech conditions being tested. 
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Under (1) it is customary to use no more than 20 such bands. The frequency limits 
of 20 such bands are given in Table 3k-11. 


TaBLe 3k-11. Twenty Frequency BANpDs CONTRIBUTING EQUALLY TO 
_ EFFICIENCY oF SPEECH COMMUNICATION * 


Band | Frequency Band |. Frequency | Band Frequency 
No. No. | | range No. range 
1 395 8 | 1, 250-1, 425 15 2, 930-3 ,285 - 
2 395-540 9 1, 425-1, 620 16 3, 285-3 , 700 
3 540-675 10 | 1,620-1,735 | 17 | 3,700-4,200 
A tf OF5-B10.. ‘lsd. 1,735-2.,.075 | 18 4 ,200—4 ,845 | 
5 810—950 12 2 ,075-2 , 335 19 4 ,845-5 ,790 
A 950-1095 13 2, 335-2 , 620 20 ~§,790 
7 1,095-1,250 | 14 | 2,620-2,930 


* H. Fletcher, “Speech and Hearing in Communication,’’ D. Van Nostrand Company, Inc., New 


York, 1953. 


For conditions where substantial wide-band noise is present, the second requirement 
may be approximated by the formula 


wi = xy(Si — Ni + 6) (3k-3) 


in which w; is a weight having a maximum value of 1.0, S; is the signal level in band 7 
in decibels, N; is the noise level in the same band i in decibels referred to the same 
base as S;.2 | 


TaBLE 3k-12. ARTICULATION ScoRES AS A FUNCTION OF ARTICULATION INDEX* 


Articulation CVC Monosyllabic 


index syllables, % | words (PB lists), % 
0.10 7 7 
0.20 22 22 
0.30 38 40 
0.40 55 61 
0.50 68 77 
0.60 79 87 
0.70 87 93 
0.80 93 96 
0.90 96 98 
1.00 98 99 


N 
* KE. G. Richardson, ed., ‘‘ Technical Aspects of Sound,” Elsevier Press, Inc., New York, 1953. 


The articulation index A is then described by the summation 
Ava). ag (3k-4) 


Articulation scores are related to the articulation index according to the Table 
3k-12. 


1N. R. French and J. C. Steinberg, Factors. Governing the Intelligibility of Speech 
Sounds, J. Acoust. Soc. Am. 19, 90-119 (1947). 
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Analogies are useful when it is desired: to: compare an unfamiliar system with one 
that is better known. The relations and actions are more easily visualized, the 
mathematics more readily applied, and the analytical solutions more readily obtained 
in the familiar system. Analogies make it possible to extend the line of reasoning into 
unexplored fields. In view of the. tremendous amount of study which has been 
directed toward the solution of circuits, particularly electric circuits, and the engineer’s 
familiarity with electric circuits, it is logical to apply this knowledge to the solutions 
of vibration problems in other fields by the same theory as that used in the solution of 
electric circuits. The objective in this section is the establishment of analogies 
between electrical, mechanical, and acoustical systems. — meee | 

~ 31-1; Resistance. Electric Resistance. Electric energy is changed into heat by. the 
passage of an electric current through an electric resistance. Electric resistance fz, 
in abohms, is defined as | 


Re = (31-1) 


SD 


where e = voltage across the electric resistance, abvolts 
i = current through the electric resistance, abamp 
Mechanical Rectilineal Resistance. Mechanical rectilineal energy is changed into 
heat by a rectilinear motion which is opposed by mechanical rectilineal resistance 
(friction). Mechanical rectilineal resistance (termed mechanical resistance when 
there is no ambiguity) Rw, in mechanical ohms, is defined as 


Ru = Im a (31-2) 
U F 
where fu = applied mechanical force, dynes — ge St 
u = velocity at the point of application of the force, cm /sec 


Mechanical Rotational Resistance. Mechanical rotational energy is changed into 
heat by a rotational motion which is opposed by a rotational resistance (rotational 
friction). Mechanical rotational resistance (termed rotational resistance when there 
is no ambiguity) Rr, in rotational ohms, is defined as : ; 


_ fr 
Rre=o9 (31-3) 
where fz = applied torque, dyne-cm 

 Q.= angular velocity about the axis at the point of the torque, radians /sec 

Acoustic Resistance. ~ Acoustic energy is changed into heat either by a motion in a 
fluid which is opposed by acoustic resistance due to a fluid resistance incurred by 
viscosity or by the radiation of sound. Acoustic resistance Ra, in acoustical ohms, is 
defined as 
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: Ra = (31-4) 


qs 


where p = pressure, dynes/sq cm 
U = volume velocity, cu cm/sec _ 

31-2. Inductance, Mass, Moment of ‘Inertia, Inertance. Inductance. FElectro- 
magnetic energy is associated with inductance. Inductance is the electric-circuit 
element that opposes a change in current. Inductance L, in abhenrys, is defined as 

di 


= L di (31-5) 


where e = voltage, emf, or devine force, aussie 

di 

dt 

Mass. Mechanical rectilineal inertial energy is associated with mass in the mechan- 

ical rectilineal system. Mass is the mechanical element which PPPOE a change in 
velocity, Mass m, in grams, is defined as . 


ll 


rate of change of current, abamp/sec 


du 


funme a 
du : | 
where ‘Ta acceleration, cm /sec /sec 
fm = driving force, dynes - 


Moment of Inertia. Mechanical rotational energy is associated with moment. of 
inertia in the mechanical rotational system. Moment of inertia is the rotational 
element which opposes a change i in n angular velocity. Moment of inertia I, in gram 
(centimeter)?, is defined as 


e = [— | _ (31-7) 


dt 
dQ * . 5 
where ae angular acceleration, radians /sec /sec 
fr = torque, dyne-cm 


Inertance. Acoustic inertial energy is associated with inertance in the acoustic 
system. Inertance is the acoustic element which opposes a change in volume velocity. 
Inertance M, in grams per centimeter) 4 is defined as 


p= uw : | i ee (31-8) 


where < = rate of change of volume ee cu cm/sec /sec 


p = driving pressure, dynes/sq cm | a 
“31-8. Electric Capacitance, Rectilineal Compliance, Rotational Compliance, 
Acoustic Capacitance. Electric Capacitance. Electric capacitance is associated with 
capacitance. Electric capacitance is the electric-circuit element which opposes a 
change in oe Heetric capacitance Cz, in abfarads, is defined as : 


de 
c= G if idt = C, — (31-10) 


where Q = charge on the electrical capacitance, Speculorabs 
e = emf, abvolts 
Rectilineal Compliance. Mechanical rectilineal potential energy is associated with 
the compression of a spring or compliant element. Rectilineal compliance is the 


mechanical element which opposes a change in the applied force. Rectilineal com- 
pliance (termed compliance when there is no ambiguity) Cwm, in centimeters per dyne, 
is defined as : 


fic, wel. 58 - “ey 


where x = displacement, cm 
fu = applied force, dynes : 

Rotational Compliance. Mechanical rotational potential energy is seencated with 
the twisting of a spring or compliant element. Rotational compliance is the mechani- 
cal element that opposes a change in the applied torque. Rotational compliance Cr, 
in radians per centimeter per dyne, is defined as | 


a | 31-12) 


where ¢ = angular displacement, radians 
fr = applied torque, dyne-cm 
Acoustic Capacitance. Acoustic potential energy is associated with the compression 
of a fluid or a gas. Acoustic capacitance is the acoustic element which opposes a 
change in the applied pressure. The acoustic capacitance C4, in (centimeters)® per 
dyne, is defined as 


x | 
= Oy (31-13) 
where X = volume displacement, cu cm | 
» = pressure, dynes/sq cm 
$1-4. Representation of Electrical, Mechanical Rectilineal, Mechanical Rotational, 


and Acoustical Elements. Hlcguce: mechanical rectilineal, mechanical rotational, 


; THUMM DMM. 
A/\\— =a re, ép 
L | M | om = 
2ZZZZB 
TOO — CL] 2 
F a \ i 
RECTILINEAL ROTATIONAL. 
ELECTRICAL —«._~—Ss- ACOUSTICAL MECHANICAL 


Fig. 3l-1. Graphical representation of the three basic elements in electrical, mechanical 
rectilineal, mechanical rotational, and acoustical systems. 


and acoustical elements have been defined in the preceding sections. Figure 3l-1 
illustrates schematically the three elements in each of the four systems. 

The electrical elements, electric resistance, inductance, and electric capacitance are 
represented by the conventional symbols. 

Mechanical rectilineal resistance is. represented by sliding friction which causes 
dissipation. Mechanical rotational resistance is represented by a wheel with a sliding- 


CLASSICAL ELECTRO-DYNAMICAL ANALOGIES - 3-137 


friction brake which causes dissipation. Acoustic resistance is represented by narrow 
slits which causes dissipation due to viscosity when fluid is forced through the slits. 
These elements are analogous to electric resistance in the electrical system. 

Inertia in the mechanical rectilineal system is represented by a mass. Moment of 
inertia in the mechanical rotational system is represented by a flywheel. Inertance 
in.the acoustical system is represented as the fluid contained in a tube in-which all the 
particles move with the same phase when actuated by a force due to pressure. These 
elements are analogous to inductance in the electrical system. 

Compliance in the mechanical rectilineal system is represented as a: spring. Rota- 
tional compliance in the mechanical rotational system is represented as a spring. 
Acoustic capacitance in the acoustical system is represented as a volume which acts 
as a stiffness or spring element. These elements are analogous to electric capacitance 
in the electrical system. 4x | 

Table 31-1 shows the quantities, units, and symbols in the four systems. 

31-5. Description of Systems of One Degree of Freedom. An electrical, mechanical 
rectilineal, mechanical rotational, and acoustical system of one degree of freedom are 
shown in Fig. 31-2. In one degree of freedom the activity in every element of the 


L Re 
pe x Cu 
50 a | | 
E : 
od lit 
Ru 


-- ELECTRICAL RECTILINE AL ae 
| 3 | = 
i a 
¢ Cr cn 
fr Ho ~ FREQUENCY 
Rr 
ACOUSTICAL ROTATIONAL 
MECHANICAL 


Fig. 3l-2. Electrical, mechanical rectilineal, mechanical rotation, and acoustical systems of 
one degree of freedom and the current, velocity, angular velocity and volume velocity 
response characteristics. 


system may be expressed in terms of one variable. In the electrical system an electro- 
motive force e acts upon an inductance L, an electric resistance Fe, and an electric 
capacitance C'g connected in series. In the mechanical rectilineal system a driving 
force fy acts upon a particle of mass m fastened to a spring of compliance Cy and 
sliding upon a plate with a frictional force which is proportional to the velocity and 
designated as the mechanical rectilineal resistance Ry. In the mechanical rotational 
system a driving torque fr acts upon a flywheel of moment of inertia J connected to a 
‘spring or rotational compliance Cr and the periphery of the wheel sliding against a 
brake with a frictional force which is proportional to the velocity and designated as 
the mechanical rotational resistance Rr. In the acoustical system, an impinging 
sound wave of pressure p acts upon an inertance M and an acoustic resistance Ra 
comprising the air in the tubular opening which is connected to the volume or acous- 
tical capacitance C4. The acoustic resistance R4 is due to viscosity. | 

The differential equations describing the four systems of Fig. 31-2 are as follows: 
Electrical 


eee ee a = Rist (31-14) 
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Mechanical rectilineal — 
mi ait Rutk sae = F yei* 
Mechanical rotational = 
Ié + Red + * = F pei 
R 
Acoustical 


Mx + RX +2 a = Peivt 


(31-15) 
(31-16) 


lt?) 


E, Fu, Fr, and P are the re of the driving forces | in the four: systems. 


Eci*t = e, Fuel = fu, Frei*t = fr and Pe = p. 
The steady-state so uuons of Eqs. en) to Ort are: 
ee 


ae es Fett e 
15°" Re + job — G/eCs) Ze 
Mechanical rectilineal 
Feist fu 


7 = Ru +jom — G/oCm) Zu 


Mechanical rotational 


3 = Feivt _ JR 
Rr + jol = G/wCe) ~ Zr 
Acoustical 
jot = 


Ra + joM — (j/oCa) ZA 
The vector electric impedance is _ 


Za = Re + jel — 


The vector mechanical rectilineal impedance is 


Zu = Ry + jwm igen on 
wm 


The vector mechanical rotational impedance is 
7 | ZR Rr + jol wr 
The vector acoustic impedance is 


Za = RaitjoM — ds 


wCa 


(3-18) 
(31-19) 
~ (31-20) 


. (31-21) 


(31-22) 
(31-23) 
(31-24) 


(31-25) 


CLASSICAL ELECTRO-DYNAMICAL ANALOGIES 3-139 


TaBxe 31-1. Quantities, Units, anp SyMBoLts FoR ELECTRICAL, MECHANICAL 
RECTILINEAL, MECHANICAL ROTATIONAL, AND ACOUSTICAL ELEMENTS 


Electrical Mechanical rectilineal 


Quantiy Unit ae Quantity — Unit = | een 
Electromotive 
— force........ Volts K 108 | e Force ‘Dynes fu 
Charge or Coulombs X 107} Q Linear dis- Centimeters x 
quantity . |. a ... Placement |. ... | . 
Current........ Amperes X 107! | 7 Linear velocity | Centimeters £ Or u 
| eae 4 rene per second | | 
Electric imped- | Ohms. x 10° Ze Mechanical Mechanical — | Zy 
ance . _ impedance . ohms 


Electric resist- | Ohms x 10° | .| Mechanical. -| Mechanical Ry. 


ance | | resistance ohms “ 
Electric react- | Ohms X< 10° XE Mechanical Mechanical Xu... 
ance. .. reactance ohms | 


| | Mass 
Compliance 


‘ 
Henry xX 10° 
-Farads X 107° 


Inductance. be 
Electric capaci- 
_ tance 


Grams 7 m. 

Centimeters | Cy 
per dyne 

Ergs per second| Py 


| Power 


eer cece ew e we ee 


_. Mechanical rotational oo Acoustical 
Quantity Unit Sym- Quantity — Unit Sym- 
: ee: bol | - | bol 
Torque........ Dyne-centimeter | fr Pressure | Dynes per . 
os 7 square centi- 
| | 2 meter ; 
Angular Radians , o Volume dis- Cubic centi- . | X 
displacement placement meters an ae 
Angular Radians per. ¢ or 2} Volume — Cubic centi- X or U 
velocity . second _ |. velocity ‘Imeters per | : 
. 7 Ae gee second 
Rotational Rotational ohms | Zz Acoustic Acoustic ohms | Z4 
impedance | impedance > : | 
Rotational | Rotational ohms:| Rg —_| Acoustic Acoustic ohms | R4 
resistance : | Dy resistance ae 
Rotational . Rotational ohms | Xz =| Acoustic Acoustic ohms | X4 
reactance = : reactance | 
Moment of — (Gram) (centi- / Inertance | Grams per M 
inertia meter)? . . o Fe (centimeter) ‘ re 
Rotational | Radians perdyne| Cr .- | Acoustic (Centimeter)® | C4. 
compliance | per centimeter _ | capacitance {| per dyne , oy 
Power......... Ergs per second| P4 


Ergs per second | Pr Power 
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3m. The Mobility and Classical Impedance Analogies’ 


FLOYD A. FIRESTONE 


Editor, The Journal of the Acoustical Society of America 


38m-1. Introduction. An analogy is a recognized relationship of consistent mutual 
similarity between the equations and structures appearing within two or more fields 
of knowledge, and an identification and association of the quantities and structural 
elements which play mutually similar roles in these equations and structures, for the 
purpose of facilitating transfer of knowledge of mathematical procedures of analysis 
and behavior of the structures between these fields. | "y | 

The theory of analogies is still developing, as evidenced ‘by the recent publications 
of Olson, Raymond, Bloch, Trent, Le Corbeiller, Bauer, Beranek, and others (see 
references on page 3-177). This section sets forth the author’s recommendations for a 
useful problem-solving technique as presented in his,paper, ’Twixt Earth and Sky 
with Rod and Tube, J. Acoust. Soc. Am. 26, 140 (1954) (abstract only). 

Instead of drawing an analogous electric circuit, the author recommends that 
mechanical and acoustical schematic diagrams be drawn, utilizing the mechanical 
and acoustical symbols shown below. Such a schematic diagram can be drawn 
directly from an inspection of the structure and is a record of our determinations of 
the functions and connections of its parts. The mechanical and acoustical symbols 
here presented are distinctive but similar to their electrical analogues so that their 
shape indicates to one familiar with electrical schematics the algebraic operations 
which are to be performed in the analysis. Then the problem is solved using mechan- 
ical or acoustical units. Even if an analogous electric circuit is drawn, there is ad- 
vantage in understanding in detail the mechanical or acoustical analogue of each 
straight line, junction, and element on the diagram, as set forth in the mobility and 
impedance analogy tables which follow. | : Be a SS 

Schematic diagrams based on analogies are most useful in solving those mechanical. 
and acoustical problems where it is known at the outset that the parts are constrained 
to move in one line only. Problems involving several degrees of freedom for each 
mass require the construction of a separate schematic diagram for each degree of 
freedom, usually with coupling between these diagrams. 

In the mobility analogy, mechanical mobility (complex velocity amplitude divided 
by complex force amplitude) is analogous to electric impedance, velocity to voltage, 
and force to current. In the impedance analogy, mechanical impedance is analogous 
to electric impedance, force to voltage, and velocity to current. 

8m-2. Wires, Rods, and Tubes. In an electric circuit, connections between 
distant terminals are made by slim wires which, when idealized on a schematic 
diagram, are assumed to be free of inductance, resistance, and capacitance to ground. 
Ofttimes a number of wires are soldered together to form a (soldered) junction which 


1The author wishes to acknowledge with pleasure many interesting and instructive 
conversations on this subject, as well as a voluminous correspondence, with Dr. Horace M. 
Trent. 
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ensures equal voltages at. all the terminals connected by the tree of wires. But it 
will also be useful to introduce the isocurrenié. junction (or electric mesher) which 
ensures equal currents in all the wires coming to it; structurally it is a set of similar 
ideal transformers with one side of each primary grounded and all secondaries con- 
nected in series, the schematic symbol being abbreviated to that of a junction 
with a circle around it indicating the series of secondaries. The isocurrent junction 
is the electric example of that broad class of junctions which we shall call ‘“meshers”’ 
because they have the effect of connecting all the attached circuits into the same 
mesh. | _ - 

In a mechanical system, on the other hand, the connections between distant moving 
terminals are in practice made by either or both of two “slim” devices, rods or tubes. 
Ideally, the rods are free from mass, friction, or compliance. Ideally the hydraulic 
tubes are held stationary and are filled with ideal fluid free from mass, viscosity, or 
compressibility. Ofttimes a number of rods are bolted together to form a rigid 
junction which ensures equal velocities of all the terminals connected by the tree of — 
rods. Also, ofttimes a number of tubes are joined in a small common chamber to 
form a hydraulic junction which ensures equal pressures (and forces if all tubes are 
of the same area) at all the terminals connected by the tree of tubes. However, rods 
can be joined in a hydraulic junction which will ensure equal forces in the rods, if the 
rods are provided with equal-area pistons hydraulically connected. Similarly, by 
means of connected pistons, tubes can be joined in a rigid junction. - 

Since mechanical systems are customarily connected by two kinds of slim devices 
(rods and tubes) while electric systems are connected by only one kind of slim device 
(wires), it is not possible in general to draw a correct schematic diagram by either 
the mobility or impedance analogies alone which will correspond completely to the 
apparent geometry of the mechanical structure. A mobility schematic is a rod 
diagram (each straight line represents a rod), and it will correspond with the geometry 
of all parts of the mechanical structure which are rigidly connected by rods. An 
impedance schematic is a tubing diagram (each connecting line represents a hydraulic 
tube), and it will correspond with the geometry of all parts of the mechanical structure 
which are hydraulically connected by tubes. 

8m-8. Ground, Earth, and Sky. In a mobility schematic or rod diagram, the 
reference symbol which is analogous to the ground symbol in an electrical wiring 
diagram is a. frame of reference called the earth, whereas in an impedance schematic 
or tubing diagram the reference symbol is a force (or pressure) of reference called 
the sky. The sky is the dual of the earth. Structurally, the sky consists of a bowl, 
a lake, or an atmosphere of ideal fluid maintained under a constant pressure of 
reference. In a mobility schematic or rod diagram one terminal of every. mass is the 
earth relative to which the velocity of the mass is measured, while in an impedance 
schematic or tubing diagram one terminal of every spring is the sky relative to which 
the force in the spring is measured; these concepts are necessary in order that either 
type of schematic diagram may be drawn by inspection. The earth has zero mobility 
and infinite mass, while the sky has zero impedance and infinite compliance. — 

38m-4. Analogues of the Condenser and the Capacitor. In addition to the mechani- 
cal analogues of the inductor and the resistor, the analogues of two classes of capacitive. 
elements must be considered, which we shall distinguish by the names condenser 
and capacitor. The condenser is the parallel-plate device which can be connected 
either in a high wire or to ground, while the capacitor is typified by the isolated sphere 
in free space as discussed in electrostatics, one terminal only being free while the 
other terminal is permanently grounded. 

In the mobility analogy, every mass is analogous to the capacitor, not the’ con- 
denser, in the sense that one terminal of the mass is the body of the mass while the 
other terminal is always the earth relative to. which the velocity of the mass is meas- 


Ne 


~ 
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ured. It is this drawing of.an earth symbol near each mass which makes closed | 


circuits ina mobility schematic and permits the drawing of a correct rod diagram of 
any rod-connected system in a straightforward intuitive manner. There is also an 
unusual structure called a transinertor which is a combination of two masses and a 
mesher, and which is analogous to the condenser; it can be connected: enner in series 
with the high rod or to ground. pe a 

In the impedance analogy, every spring is ohio aads to the capacton, not the con- 
denser, in the sense that one terminal of the spring is the body of the spring while 
the other terminal is always the sky relative to which the force of the spring is meas- 
ured. It is this drawing of a sky symbol near each spring which makes closed circuits 
in an impedance schematic and permits the drawing of a correct tubing diagram of 
any tube-connected system in a straightforward intuitive manner. 

.8m-5. The Dotted Arrow. Alongside each rod diagram is drawn a dotted arrow, 
usually toward the right, which indicates the direction of motion which is considered 
positive. ‘This is analogous to marking the plus and minus signs on our voltmeters. 
A solid arrow superimposed on a rod indicates the direction in which impulse is 
flowing, such as would increase the momentum of a mass in the direction of the dotted 
arrow. If the solid arrow is in the direction of the dotted arrow, the rod is in com- 
pression; if the arrows are in opposite directions, the rod is in tension; if the arrows 
are at right angles, the rod isin shear. Ina rotational system, the rotational velocity 
is considered positive if it is clockwise when looking in the direction of the dotted 
arrow placed beside the rotational schematic diagram; a solid arrow superimposed 
on a shaft then indicates the direction of flow of torsional impulse such as would 
increase the positive angular momentum of any inertor into which it flows. 

In a tubing diagram only the solid arrow is used, superimposed on a tube. It 
indicates the direction of positive fluid velocity or volume velocity. . 

-3m-6. Rationale of the Schematic Symbols Proposed for the Elements. In both 
analogies, the mechanical and acoustical schematic symbols are similar in appearance 
to their analogous electrical symbols. On a rod diagram, the symbols for a mechanical 
spring and responsor have. 15 ‘wiggles,’ the acoustic elastor and responsor have 
25 wiggles, the torsional spring and responsor have 24 wiggles but are tapered, while 
fhe electrical inductor and resistor have 35 wiggles as usual. Similarly a torsional 
inertor is tapered. 


On an impedance schemas: the symbols are similar to those for the mobility 


schematic. though dual in moaeie, and each Bp ea atte achomauc ener has a 
line drawn beside it. 
$8m-7. Method of Drawing Schematic Diagrams. (1) Choose your res 


either for life or for the problem at hand, remembering that the mobility analogy. 
is the most convenient for rod-connected systems while the impedance analogy is the. 


most convenient for hydraulic tube-connected systems. (2) Identify the functions 
performed by each part of the given structure. (3) Choose the schematic symbols 
which represent these functions. (4) Identify the terminals of each element, coupler, 
and vibrator of the structure. (5) Connect in the schematic diagram by means of 
appropriate connectors and rigid or hydraulic junctions those terminals which are 
connected in the structure. 


The identification of the terminals of each element will include the sécindnent of the. 


earth symbol as one terminal of each mass in a mobility schematic or rod diagram, 
or the assignment of the sky symbol as one terminal of each spring in an impedance 
schematic or tubing diagram; this will result in closed meshes and correct series and 
parallel connections in each diagram. 

_ Asingle hydraulic tube fitted with pistons at its two ends (ot equal areas for mechani- 
cal systems but not necessarily equal for acoustic systems) performs the same func- 


tions as a rod; so both rod and tube may be represented by a straight line and are 


interchangeable in a series. It is where several rods join, or tubes join, that there 
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is a difference of function, a rigid junction of :rods ensuring equal velocities while a 
hydraulic junction of tubes’ ensures equal forces’or sound pressures. Hither analogy 
may therefore be used for diagraming a system: connected. by rods and/or tubes by 
first determining whether a given structural connection performs the function of a 
rigid junction or of a hydraulic junction, then designating by means of the symbols 
below whether ‘the connection constitutes a simple junction (analogous to a soldered 
junction of wires) or a mesher (analogous to the isocurrent junction mentioned in 
Sec. 3m-2). “That analogy will be best for a given problem which brings in a mini- 
mum number of meshers with which we are not so familiar. Thus the mobility 
analogy will be best for. rod-connected. systems. and the impedance analogy best for 
tube-connected systems. 

8m-8. Types of Schematic Diagram. | 1. The mobility schematic diagram or rod 
diagram. Because most mechanical systems are rod-connected and have no tubes, a 
mobility schematic diagram or rod diagram will be most convenient and can usually 
be drawn by inspection of the structure, using the mobility-analogy symbols given 
on left pages. Even an acoustic system of the kind where there are no side branches 
and the elements are of equal-cross-sectional areas and lie in a series, as when a piezo- 
electric crystal radiates plane waves into a delay line, may be most conveniently 
represented by a mobility schematic since the contact of the adjacent faces of the 
elements ensures their equal volume velocities as if they were connected by acoustic 
rods. 

2. The impedance schematic diagram or tubing diagram. If we have a hydrau- 
lically operated mechanical system which is tube-connected or an acoustic filter 
connected by tubes with side branches, an impedance schematic or tubing diagram 
will be most convenient and can be drawn by inspection using the impedance-analogy 
symbols even on. right pages, provided that the sky is introduced as one terminal of 
each spring. 

3. The two-analogy schematic diagram. Complete correspondence between the 
schematic diagram and the geometry of the structure can be obtained by diagraming 
the rod-connected parts by the mobility analogy and the tube-connected parts by 
the impedance analogy, appropriate couplers being indicated where rod and tube 
portions adjoin. Using this technique, the schematic diagram of the system can 
be drawn by inspection of the original structure, using the appropriate mechanical 
or acoustical symbols given below, including the analogy connectors on page 3-176. 

$m-9.: Mechanical Mobility z vs. Mechanical Admittance Yy. Why should the 
new term mechanical mobility z be introduced when it is of the same magnitude as the 
established term mechanical admittance Yut 


Cc 6 th h 
Bassi while mechanical admittance Yu a Ae ee 
F through F seross 


Thus while the magnitudes of the mechanical mobility and estanioul admittance 
are equal, the words through and across are inverted in the definitions, because mobility 
belongs in a rod-connected system and mechanical admittance belongs in a tube- 
connected system. 

Mechanical mobility z is indigenous to a rod-connected sue teaik and when a number 
of springs or other elements are connected in series, the mobility of the combination 
is the sum of the individual mobilities: 2 = 2: + 22 +23. It would be unanalogous, 
though correct, to say that the mechanical admittance of the elements in serves is 
the sum of the individual mechanical admittances; this lack of analogy is avoided 
by introducing with the rod diagram the new term mobility and having it associated 
with the letter z. Mechanical admittance is indigenous to a tube-connected system 
and the above-mentioned series of structural elements would turn out to be a parallel 
combination of elements ina tubing diagram; the mechanical admittance of the 


Mechanical mobility z = 


[Text continued on page 3-177; tables, over.] 
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THE MOBILITY ANALOGY 
Symbols for Constructing Mechanical, Acoustical, and Electrical 
Schematic Diagrams Based on the Mobility Analogy 


Symbols for rod eee 


Rectilineal 
mechanical systems 


Rotational 


mechanical systems 


Acoustic systems | 
(preferably rigidly. 
connected) 


Symbols for the 7 
analogous 
wiring diagrams 


Electric circuits - | 
_ (preferably with 
soldered junctions) 


: a 


Connectors 
1 rod 2 ! shaft 2 I acoustic rod 2 1 wire 2 


Ideal massless, in- 
compressible, fric- 
tionless rod, not 
necessarily of uni- 
form cross section, 
which connects mov- 
able terminals 1 and 
2 so that 


velocity 

v1 = v2 and 

force 

F 1 = F 2 
Propagation in any 
type of ideal rod is 
considered instan- — 
taneous 


Ideal inertialess, 
uncompliant, fric- 
tionless shaft, not 
necessarily of uni- 
form cross section, 


which connects mov- 
able terminals 1 and 


2 so that 


angular velocity 


Vri = UVrRoe and 
torque 
Fr = Fro 


Ideal inertanceless, 
uncompliant, fric- 
tionless acoustic rod 
which connects two 
wavefronts 1 and 2, 
not necessarily of 


the same areas, by 


any means which 
function the same 
as a pivoted lever 
driving pistons 1 
and 2 at lever arms 


‘| equal to the re- 


ciprocal of the pis- 
ton areas, so that 
the volume velocity 
U, = U. and 

the sound pressure 
Pi = P2 

Frequent special 
case, equal areas in 
contact. 


LA, = lA << 1 
Prototypal structure 
of acoustic rod 


Ideal capacitance- 
less, inductance- 
less, resistance- 
less wire, not 
necessarily of 
uniform cross 
section, which 
connects terminals 
1 and 2 so that 


voltage 

E 1 = E 2 and 
current 

I 1 = I 2 
Propagation in an 
ideal wire is con- 
sidered instanta- 
neous 


ce 
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THE IMPEDANCE ANALOGY (Classical Analogy) 
Symbols for Constructing Mechanical, Acoustical, and Electrical 


Schematic Diagrams Based on the Impedance Analogy 


Symbols for tubing diagrams 


Rectilineal 
mechanical systems 


1 tube 7 


Stationary. tube of 
unit area: of cross 
section, filled with 
ideal, massless, in- 
compressible, invis- 
cid fluid, often 
terminating in unit- : 
area pistons; or any © 
mechanism of equiv- | 
alent function. 
Dead-end tubes are 
closed unless con- 
nected to sky. | 
It connects terminals 
1 and 2 so that. - 
force . | 

F 1 = Ff 2 and 
velocity 

V1, = Ve 


Rotational 


mechanical systems | 


Connectors 
1 tube? ! acoustic tube 7 
Stationary tube filled | Stationary tube, not | 


with ideal fluid, and 
having at every end 


identical fluid motors’ 
1 for transducing lineal 
| fluid motion to rota- 


tion of a solid or 


| fluid member (exam- 


ple, the Sperry Ex- 


{actor hydraulic con- - 


trol); or any mecha- 


{nism of equivalent 


function. 
It connects terminals 


- 11 and 2 so that 


torque 

F Ri = F R2 and 
angular velocity 
URi = VRe 


| necessarily of uni- . 


Acoustic systems 
(preferably tube- 
connected) - 


form cross section, . 
filled with ideal 

fluid (tube diameter 
being smdll compared 


1 with the wavelength | 
| Propagation along 


in the actual medi- 
um). The speed of 
sound in an ideal 
acoustic tube is in- 


finite. 


It connects terminals 
land2sothat — 
sound pressure 
Pp: = p2 and 
volume velocity 
U, = U2 


Symbols for the 
analogous 
wiring diagrams 


Electric circuits 
(preferably with 
soldered junctions) 


1 wire 


Stationary. ideal, 


| capacitanceless, 


inductanceless, re- 


| sistanceless wire, 
| not necessarily of 


uniform cross 
section. 


an ideal wire is 


considered instan- 
taneous. 


It connects terminals 


11 and 2 so that 


voltage 
E, = E,and 
current 
I = I 2 
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Rotational By 
mechanical 


Rectilineal 
mechanical 


— Acoustic Electric 


Symbols Indicating the Signs of the Variables 


| | | \ : 
. ! 
+--+ or! | ie sags al +--> or - : ae 
ee ——— a 


Dotted arrow shows | Clockwise rotation v, | Dotted arrow shows |The + sign near 
direction of positive {looking in the direc- | direction of positive | the wire indicates 
velocity v relative tion of the dotted volume velocity U_ {a positive voltage 
to the earth. arrow is positive relative to the {relative to ground. 
. relative to the earth. | earth. : 


Small arrow on rod 
shows direction of 
positive flow of . 
force F and impulse 


into a mass, its mo- 


| Small arrow on shaft: 
| shows direction of 
| positive flow of 

| torque F and tor- 
Qu. ‘If impulse flows 


sional impulse Qr. - 


Small arrow. shows 
direction of flow of 
force per unit area 
(sound pressure p) 


| Arrow shows dire¢- 
{tion of flow of 

| positive current J 
jand chargeQ. 
and impulse per unit: pe 7 
|area (acoustic im- 


mentum in the direc-. 
tion of the dotted 
arrow is increased. 
Both arrows in the. 
same direction in- 
dicates compression; 


| pulse Q,). 


| Both arrows in the - | 
|same direction in- . 
| dicates compression; 


at right angles, 


deat |at right angles, 


shear. | + | shear. . : 7 

+--> + --> + +--+» te : ce 
compression | | clockwise | (chain, |compression |  —_—feurrent |. 

shear. belt, or shear | Tight current 
| gears, . | downward 
7 1 to 1): ne . nef 
tension counter- : {rarefaction current 
clockwise torque 3 {left 


Rigid connector 
offset 


a se 
. | 


compression every- 
where 
Flexible connector 


Rigid connector 


| offset 


| clockwise torque 
| everywhere 
| Flexible shaft 


| Rigid connector 
‘| offset (rare) 


+ Be 


_| compression every- 
| where 


Flexible connector 


‘| (similar to tube of 
| small d/)) 


| Offset connector 


same as above 


| Offset connector 
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Rotational 
mechanical 


Rectilineal 


: Acoustic 
mechanical 


— Electric. 


Symbols Indicating the Signs of the Variables 


+ + + + 


ecg te 
The + sign indicates | The + sign indicates | The + sign indicates | The + sign indi- 
positive pressure in | positive pressure in |a positive sound cates a positive” 
the tube (relative the tube (relative to | pressure p (relative | voltage (relative 
to the sky) and is the sky) and is as- [to the sky, Po) to the ground) 


assumed to be asso- {sumed to be asso- 
ciated with positive | ciated with positive 


force F torque Fz 

The arrow shows the | The arrow shows the | The arrow shows the | The arrow shows the 
direction of the veloc- | direction of fluid direction of a posi- | direction of flow 

ity v (relative to motion which is asso- | tive volume veloc- __| of a positive his- 

the tubing) ciated with positive |ity U torical current J 


clockwise angular 
velocity vp 


Rounded corners are 
recommended for 
tubes 


Stationary tube with |Gtationary tube with | Stationary tube with | Offset connector; 

bends; direction of changes of direction; | bends; direction of | wire with bends; 

positive velocity v positive clockwise positive volume ve- | direction of posi- 

and displacement s_ | angular velocity ve {locity U and volume | tive current J and 

is shown by arrows | and angular displace- displacement Sx is flow of charge Q 
ment sp are shown’ | shown by arrows is shown by arrows 
by arrows 
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Rectilineal 
mechanical 


Simple junctions. 
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Rotational 
mechanical 


The across variables are equal. 


toward the junction is zero. 
caer acure 


en) 


a 


5 
Rigid junction 
(welded rods of any 
cross-sectional area) 


0, = Vz = etc. 
F, +F, —F; —-F, 
—-F, = 0| 


+--> 


Rigid junction (1 to 
1 gearbox with 
shafts of any cross- 
sectional area) 


Vr, = VRe = ete. 
Fr + Fr — Frs 


— Fry — Frs = 0 


Acoustic 


+--> 


5 


| Rigid acoustic junc- 


tion, connecting 
wavefronts 1 to 5, 


‘not necessarily of 


equal areas, by any 
means which func- 
tions the same as a 


pivoted lever driving 
pistons 1 to 5 at lever 
{arms equal to the 


reciprocals of the 
piston areas (as if 
the levers of in- 
dividual acoustic 
rods were rigidly 


connected) 
1 = L,Ay = l;Ae 
= etc. 
U, = U, = etc. 
D1 + P2 — Ps — Ps 
— ps = 0 


Electric 


The sum of the through variables 


epee 


5 
Junction (soldered 
wires of any 


J cross-sectional 
area) 
E, = E, = ete. 


iti, —I; -Ih 


—— 5 => 
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Rectilineal 
mechanical 


Rotational 


‘ Acoustic 
mechanical 


Electric 


Simple junctions. The across variables are equal. The sum of the through variables 
toward the junction is zero | 


1 3 1 3 1 3 1 3 
2 4 2 4 2 4 2 4 
5 5 3 5 
Hydraulic junction, | Hydraulic junction; | Hydraulic acoustic | Junction (soldered 
having unit terminal | (differential gear- junction of tubes wires of any cross- 
areas 1 to 5 box 1:1) not necessarily of sectional area) 


equal areas 


F, =f, = ete. Fri = Fp. = ete. P1 — Pe = etc. Ey = E, = ete. 
V1 + U2 — 03 — U4 1Ur1 + Ure — UR3 U,+U.—-U; +le-In -I, 
—v, =0 — Urs — Urs = 0 -~U,-U;s =0 —is = 
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Rotational 
mechanical 


Rectilineal 
mechanical 


Acoustic Electric 


Meshers. ‘The through variables (in the direction of the dotted arrow) are equal. The 
sum of the across variables (with sign changed where through arrow points away from 
junction) is zero_ | 


+--—> | +--> +---> 


5 

Hydraulic junction; | Hydraulic junction; | Hydraulic acoustic | Isocurrent junction; 
mesher (see below) | mesher (see below) | junction; mesher mesher (see below) 
F, = F; = ete. Fr, = Fre = ete. Pi = Po = ete. lI, = I. = ete. 
Vy +02 — U3 — %4 Uri + Ure — Urs U, + U2, — U; E, +, — Es 

—v, =0 — Vrs — Urs = O —~ U,-—U; =0 —~ H, —-EH; =0 
The earth connection | The earth connection | The acoustic earth |The ground connec- 
is not necessary when | is not necessary connection is not tion is not neces- 
equal numbers of when equal numbers | necessary when equal | sary when equal num- 
forces flow to and of torques flow éo and | numbers of sound bers of currents 
from the mesher. from the mesher. pressures flow to flow to and from 


and from the mesher. | the mesher. 
Typical hydraulic Typical hydraulic | Typical hydraulic Typical mesher 
junction structure junction structure junction structure structure (see 
(see symbol above): | (see symbol above): | (see symbol above): | symbol above): 


> 
Equal-area pistons _| Differential gear- Acoustic rods, gener- | Similar ideal trans- 
with common liquid, | box giving equal ally of different formers (on separate 
or any set of levers | torques wavefront (piston) | cores) with second- 
which will ensure | areas, entering a aries in series. 
equal forces of com- small chamber con- | Phased as shown by 
pression taining ideal fluid arrows | 
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Rectilineal 
mechanical 


Meshers. The through variables (as indicated by the arrows) are equal. 


Rotational 
mechanical 


Acoustic 


Electric 


' The sum of 


the across variables (with sign changed where through variable arrow points away from 
junction) is zero | 


Rigid junction; 
mesher (see below) 
Vv; = Ve = ete. 
Fi, +F,-—-F; —F, 
-—~F,;=0 
The sky connection is 
not necessary when 
equal numbers of ve- - 
‘locities flow. to and 
from the mesher. 


Typical rigid junc- 
tion structure (see 
symbol above): 


A multiplicity of 
rigidly connected 

- equal-area pistons | 
which ensure equal 
fluid velocities in 

all tubes; or a number 
of rods bolted 
together 


| 5 

Rigid (geared) junc- 

tion; mesher 

Vri = Ure = etc. 

Fr, + Fr. — Fp; , 
—F rg —-F rs = 0 

The sky connection 


|is not necessary 


when equal numbers 
of rotational veloc- 
ities flow to and 
from the mesher. 


Typical rigid junc- — 


tion structure (see 
symbol above): 


gearbox 


Gears, belts, chains, 
or levers, which 
ensure equal rota- 
tions of shafts 


Rigid acoustic junc-. 

tion; mesher 

U;, Us = ete.. 

Pi + P2 — Ps — pa 
— ps = 0 

The acoustic sky con- 

nection is not neces- 

sary when equal 

numbers of volume 


| velocities flow to 


and from the mesher. 
Typical rigid 
acoustic junction 
structure: 


Same as the device . 
in the rectilineal 


column at the left, 


but the pivoted 

wheel drives pistons 

1 to 5, not neces- 
sarily of equal areas, 
at lever arms equal 
to the reciprocals 

of theareas. Special | 
case, equal-area 


‘pistons rigidly con- 


nected ; or wave- 


fronts in contact 


Isocurrent junction; 


mesher | 

I, = I, = ete. 

E, +E, — EH, — Ey 
— £, = 


The ground connec- 
tion is not necessary 
when equal num- 
bers of currents 
flow to and from 

the mesher. 

Typical mesher — 
structure: 


Same as on op- 
posite page 
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Rectilineal 
mechanical 


lL or =| 


Earth, velocity of 
reference, frame of 
reference 


v= 0 
Force F is measured 
relative to the 
force in the sur- 
rounding empty space 
(no symbol) 


a ya 


Z 
A mechanical 
mobility z. 

_ _6 across 

~ F through 
§ and F are complex 
amplitudes. 
z2=r+jr 
r = responsiveness 
a = excitability 


Mechanical immo- 


bility _ 

g = unresponsiveness 
b = unexcitability 

PF = by. 

6 = Fz 

P =F 

P =0|F| cos ¢- 
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Rotational 
mechanical 


Acoustic 


Referents 


too | 


Earth, angular ve- 
locity of reference, 
frame of reference 


vr = 0 
Torque Fz is meas- 
ured relative to the 
torque in the sur- 
rounding empty 
space (no symbol) 


Acoustic earth, vol- 
ume velocity of ref- 
ence, frame of ref- 
ence 

U=0 
Sound pressure p is 
measured relative to 
the pressure Po in 
the surrounding at- 
mosphere (no 


symbol) 


Passive Elements 


Electric 


Ground, voltage of 


| reference 


_#=0 
Current. J is 
measured relative 
to the current in 


| the surrounding 


empty space 


| (no symbol) 


—w— | —w— | —w— 


A rotational 


mobility zr. 

Or across 
Fr through 
6p and Fr are com- 
plex amplitudes. 
Ze =Tr+Jjxr 
rr = rotational 


responsiveness 
Lp = rotational 

excit ability 
Rotational immo- 
eee 

=1/zr =gr+ jor 
a = rotational 
unresponsiveness 


be = rotational 


unexcitability 
Fr = OrYr 
Orn = free 
P; = Vel R 
P = vp| Fal cos ger 
= F;\* TR 


An acoustic 
mobility Za. 
_ U across 

QS 
| p through 
U and @ are com- 
plex amplitudes. 
Za = Ta + Jta 
ra = acoustic , 


responsiveness 
La = acoustic 

excit ability 
Acoustic immobility 


Ya =1/2a = Ga + 904 
ga = acoustic 
unresponsiveness 


b, = acoustic « 


unexcitability 
p = Oya 
0 = pz A 
P; = Up 
P = U|p| cos ge 


= pl’ Ta 


An electric 
impedance Z. 

ws E across 
~ [ through | 
FE and Tf are complex 
amplitudes. 
Z=R+ gx 
R = resistance 


X = reactance 


Admittance 


Y =1/Z = G+ jB 
G = conductance 


B = susceptance 


|f = EY 
BE=12 
P; = EI 
P = E|I| cos ¢z 
=I1/?R 
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Rectilineal 
mechanical 


Rotational 
mechanical 


Acoustic 


Electric 


Referents 


(a reservoir of ideal 
fluid maintained at 
constant pressure) 

F=0 
Velocity v is meas- 
ured relative to the 
surrounding tubing 
or full space (no 
symbol) 


Sa 
Zu 
A mechanical 
impedance Zy. 
_ F across 


a, through 


Zu = Ru +jXm 
Ru = mechanical 


resist ance 
Xu = mechanical 
reactance 
Mechanical 
admittance 
Yu = 1/Zu 
= Gu+jBy 
Gy = mechanical 
conductance 
By = mechanical 
susceptance 
6 =FYy 
PF = 6Z M 
d&g i= Fv 


P = F|o| COS Yzu 
P= v|? Ru 


torque of reference, 
(a reservoir of ideal — 
fluid maintained at 
constant pressure) 

Fr =0 
Angular velocity vp 
is measured relative 
to the surrounding - 
tubing or full space 
(no symbol) 


Sky, 
pressure of reference, 
(usually an atmos- 
phere of fluid at con- 
stant pressure Po) 

p=0 
Volume velocity U is 
measured relative to 
the surrounding tub- 
ing or full space 
(no symbol) 


Passive Elements 


_—sA 


Zr 
A rotational 
impedance Zp. 
Fp across 


a $x through 
Ze = Re + jXe 
Rr = rotational 

resistance 
Xr = rotational 
reactance 
Rotational 
admittance 
Yr =1/Zpr 
= Ge +jBr 
Ge = rotational 
conductance 
Be = rotational 
susceptance 
Or = PrV pr 
P k= OrZ R 
P. i= F RVR 
P= F2| Val COS zr 
P= vp? R R 


Za 
An acoustic 
impedance Z,. 
Z. = p across 
“0 through 


Za = Ra + jXa 

Ra = acoustic. 
resist ance 

Xa = acoustic 
reactance 


Acoustic admittance 
Y,=1/Z, 
=G,+jBa 

Ga = acoustic 
conductance 

Ba = acoustic 
susceptance 

0 = BY a 

p = OZ 

P, = pU 


P= p| U| cos vz 


|P =U/?R, 


Ground, 
voltage of refer- 
ence, (a source of 
charge at constant 
voltage) 

E=0 
Current J is meas- 
ured relative to 
the current in the 
surrounding empty 
space (no symbol) _ 


Z 
An electric 
impedance Z. 
_ £ across 
~ I through 
Z=R+jX 
R = resistance 


X = reactance 


Admittance 
Y=1/Z2 =G+4+jB 
G = conductance 
B = susceptance 

I = RY 

E={[Z 

P,; = EI 

P = E | I | COS Gz 
P=I/?R 
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Rotational 
mechanical 


Rectilineal 
mechanical 


Electric 


Acoustic 


earth —- ground 


Three-terminal 
impedance Z includ- 
ing junction. 


Three-terminal 
acoustic mobility 2, 
including (rigid) 


Three-terminal mo- 
bility z including 
(rigid) junction. 


Three-terminal rota- 
tional mobility ze 
including (rigid) 


junction. junction. 
0, = 0. = 03 = 0 Ori = Ore = Or3 = 6 B,=28,=8,=E 
PF; =F, —P, Pres = Fm — Pre I,=h—-1; 
F, = 6/z Fro = On/Zr I, = E/Z 


Af 


r 


Mechanical responsor 
of responsiveness r 


TR 
Rotational ‘responsor 
of rotational respon- 
siveness Tr 


| Resistor of resist- 
ance R 


Acoustic responsor 
of acoustic respon- 
slveness 74 


‘ ” ep 


Typical structure: 
a length of resistive 
wire 


Typical structure: 
viscous oil leaking 
through holes in 
piston in movable 
cylinder 


Typical structure: 
viscous oil between 
concentric rotating 
cones attached to 
the terminals 


Typical structure: 
viscous oil between 
plates attached to 
the terminals 


Vr across Op 


_ _v across J re ae tee Uacross Up ss 
TF through PF e=F,through Pr|* pthrough fp I through Tf 
z2=fr ee Zr = TR Za =Ta  |Z=R . 
v=Fr Ve = Ferre U = pra E=IR 
$= Fr Oe = Ferre = Dra Ek =IR | 
P=F\?r = 0|?/r P =Fal? re = vel2/re\P = pl? ra = Ul2/r, [P= LPR = EPP/R 
Displacement Rotational dis- |Volume displace- Voltage impulse 

| placement ment 
s = fudt = rQy 6 = fordt =rrQe |S = SU dt = raQa S = fEdt = RQ 


where charge 


Q = fildt 


where acoustic im- 
{pulse Qa = fpat 


where torsional im- 


where impulse : 
‘| pulse Qr = Sfr dt 


Qu = fF dt 
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Rectilineal 
mechanical 


, sky 


Three-terminal me- 
chanical impedance 
Zu including 
hydraulic junction. 
F 11> F > F 3 
63 = 6, — de 
Bo = F / Z M 


ee 
Mechanical resistor 
of resistance Ry 


DMM MM a a a 

AE MD A a a a 
Typical structure: 
a length of viscous 
fluid moving in a 
stationary tube of 


unit cross-sectional 
area 


F across 
v through 


P 
’ 


F = 0Ru 

P =0|?Ry = F|?/Ru 
Impulse 

Qu = fF dt = Rus 
where displacement 

8 = fudt 


| Ore 


Rotational 
mechanical 


poe, 
bo 
(oe) 


=~ sky 
Three-terminal rota- 
tional impedance Zz 
including hydraulic 
junction. . 
Pr = Pr. = Prs=Fr 
UR1i — UR2 


Fr/Zr 


UR3 


oh 


Rr 


Rotational resistor 


of rotational resist- 
ance Rez 


Acoustic 


Three-terminal 
acoustic impedance 
Za including 
hydraulic junction. 
pi = p2 = ps = p 
OF = 0, ae 0, 

O, = p/Za 


oe 


—_—_\\p—— 
| Ra 
Acoustic resistor of 
acoustic resistance — 
Ra 


Typical structure: 
an annulus of viscous 


‘1 liquid between a 


rotating cone and a 
stationary cone; or 
a coil of tubing con- 


Typical structure: 
a length of viscous 
fluid moving in a 
stationary tube of 
any cross-sectional 
area, 


taining viscous fluid |. 


_ Fracross Fx 


* vrthrough — op | 
Lr = Rr 
Fr = VrRR 
Pz = OrRr 


P = vp|? Re = frl?/Re 
Torsional impulse 
Qr = {[Frdt = Rré 
where displacement 
= for dt 


P = U/?Ra = plt/Ra 


Acoustic impulse 


1Qu = fp dt = RiWSa 
‘where volume dis- 
placement S,=fU dt!}Q = fI dt 


P =1/?R = El?/R 


Eleetric 


ground 


Three-terminal 
impedance Z | 
including junction. — 


E, = B, = 2B; = ff 
T.-2 7,29," 
I, = E/Z 


| Resistor of resist- 


ance R 


oe” 


‘Typical structure: 


a length of resis- 


tive wire 
_ Eacross’” &£. 
2 Se 
Ithrough =f 
Z=R 
E=IR 
E=IR 


Voltage impulse 


S = fEdt = RQ 
where charge 


daa Me ee 
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Rectilineal 
mechanical 


rod 


earth 
Three-terminal me- 
chanical responsor r 
including junction. 


V0} = Ve = 03 = VU 
F, = F, — F, 
FP, = 6/r 


Cu (or L ou) 
Spring of compliance 
C M (or I) 


v = Cy dF /dt 

2 = jwC's (or jwL) 
§ = Fz 

W = CuF?/2 
Displacement 

$s = fv dit = CuF 
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Rotational 
mechanical 


shaft 


earth 
Three-terminal rota- 
tional responsor rr 


including junction. 


Uri = Ure = UR3 = UR 


Fr; = Fr. — Fre 


Pre = Or/Tr 


Cr (or Lr) 
Torsional spring of 


rotational com- 


pliance Cr (or Lr) 


vr = Cr dF R/dt 


eR = joCr 
Or = Prep 
W = Crk x?/2 


Angular displacement| Volume displacement 


6 = fur dt = CrF re 


Electric 


Acoustic 


ground 
Three-terminal re- 
sistor F including 
| (soldered) junction. 


earth 
Three-terminal 
acoustic responsor 74 
including (rigid) 


junction. 
U,=U,=U;=U|E, =f, =8 =£ 
Ps = ~Pi — Po f,=,-f; 

I, = F/R 


f2 = O/ra 


oe) 1 


C4 (or La) L 
Acoustic spring of Inductor of induct- 
acoustic compliance | ance L 
C4 (or La) 
U = C, dp/dt E =LdI/dt 
Za = jul, Z = job 
= pz E=1Z 
W = Cap?/2 W = LI’/2 
Voltage impulse 
X=fUdt=Cyap |S = fEdt =LI 


A closed volume V of 
gas at pressure Po 
has C4, = V/yPo 
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— Rectilineal 
mechanical 


tube 


sky 
Three-terminal me- 
‘chanical resistor Rv 
including hydraulic 
junction. | 
F 1 => F => F; = F 


V3; = V0, — Ve 


0. = F/Ru 


m™ — 
A mass, of mass m 


Typical structure: 
a length of massive 
fluid contained in 
a unit-area tube 


F = mdv/dt = ma 


Lu = jum 

P = 0Zy 

W = mv?/2 
Impulse equals 
momentum 


Qu = fF dt = my 


Rotational 
mechanical 


Three-terminal rota- 
‘tional resistor Rr 
including hydraulic 
junction. 

Fr =F re = Fra = Fp 


Urs = Uri — Ure 


One = Fro/Re 


Ap — 
J 
A rotational inertor 
of polar moment of 
inertia J 


-| Typical structure: 


a coil of stationary 
tubing containing a 
massive fluid 


Fe = J dvp/dt = Ja 


Zr = jod 
Pp = 02Zr 
W = Jvp?/2 


Torsional impulse 
equals angular mo- 
mentum 

Qe = f[Frdt = Jor 


Acoustic 


tube 


Three-terminal 


acoustic resistor R4_ 


including hydraulic 
junction. 


An acoustic inertor 
of inertance M (or 
M,). M =m/A? 
Typical structure: 

a mass m of gas in a 
stationary tube or 
neck of area A 


p = M dU /dt = pAa 
La = jwM 

p — OZ. 

W = MU?*/2 


Acoustic impulse 
equals acoustic mo- 


mentum 


Q. = fpdt = MU 


Electric 


~ ground, 
Three-terminal 
impedance Z in- 
cluding (soldered) 
junction. 


E, = EH, =k, = E 


qT; =f, —T, 


LL 
An inductor of 


inductance L 


Typical structure: 
a coil of wire 


E=Ldi/& 
Z = jol 
E=12Z 

W = LI?/2 


Voltage impulse 


S = fEdt =LI- 
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Rectilineal 
mechanical 


rod 


Cy earth 


Rameau 
mechanical 


| shaft 


Cr earth 


Three-terminal spring | Three-terminal tor- 


(elastor) of compli- 
ance C'y, including 
junction. 


Vv, = Ve = 03 = UV 


F; = fF, —F, 
P, = 0/juwC' uy 
som a8 
m 


A mass of mass m 


One terminal per- 
manently earthed. 
Typical structure: 
a solid block con- 
strained to lineal 
motion 


F = mdv/dt = 
z= —j/wm 
O= Fz 

W = mv?/2 


Impulse equals mo- 
mentum 


Qu = fF dt = mo 


sional spring (elas- 
tor) of rotational © 
compliance Cr, in- 
cluding junction. 

Uri = Une = UR3 = UR. 
F R3 >= F Ri — F R2 
Pr = Or/joCr 


aes I 


A rotational inertor 
of polar moment of 
inertia J 


One terminal per- 
manently earthed. 
Typical structure: 


equals angular mo- 
mentum 


Qe = fFrdt = Jor 


Acoustic — 


rod 


Electric 


wire 


C4 earth 
Three-terminal 
acoustic spring 
(elastor) of acoustic 
compliance C4, in- 
seine jneton. 

U | ioe = =U 
P3 = bi oo 
= U/joC, 


=") | 
M 


An acoustic inertor 
of inertance M (or 


M,). M =m/A? 


One terminal per- 
manently earthed. 
Typical structure: 


a flywheel a mass of gas in a 
constriction 

Fer = J dvp/dt =Jalp= = MdU/dt = MAa 

Le= —j/od Za = —j/wM 

On = Fre O = pz, 

W = Jvr?/2 W = MU?/2 

Torsional impulse | Acoustic impulse 


equals acoustic mo- 
mentum 


Qa = fpdt 


7 L ground 
‘Three-terminal 
inductor of induct- 
ance L, including 
junction. 


EB, = EB, = E; = 
qT; = I, = T, 
I, = E/joL 


A capacitor of 
capacitance C. 


One terminal per- 
manently grounded. 
Typical structure: 
an isolated metal 
sphere in free 

space 


A = CdE/dt 

Z = —j/wC 
E=12Z 

W = CE?/2 
Charge equals 
capacitance times 
voltage 


=MU |Q=flIdt=CE 
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-Rectilineal 
mechanical 


“=~ sky 
Three-terminal mass 


THE IMPEDANCE ANALOGY 


Rotational 
mechanical 


= sky 
C[hree-terminal rota- 


m including hydraulic | tional inertor J 


junction. 


F, =F, =F, = Ff 
V3 = V1 — Ve 


Os = F/Zu 
>—C_> 
\ 
Om 
a 
sky 


Spring of compliance 
Cy. One terminal 
permanently skyed 


Typical structure: 
a bubble of gas in 
a rigid container, 

or ideal fluid in 

a shielded flexible 
container 


v = Cy df/dt 
Zu = —j/wC'u 
F = Zu 

W = CyF?/2 
Displacement 


s = fodt = CuF 


including hydraulic 
junction. 


Fr. = Fre = Fr=F a 


Urs = Ur1 — URe2 
Oro = P2/Ze 
J 
/ Cr 
a 
sky 


Torsional spring of 
rotational compli- 
ance Cg. One ter- 
minal permanently 
skyed 

Typical structure: 
a torsional spring 
reacting against its 


rigid support 

ve = CrdFp/dt 

Zr = —j/ wCr 

PF R= OnZr 

W = Crk ?/2 
Rotational displace- 
ment 


6 = furdt = CeFr 


Acoustic 


: =~ sky 
Three-terminal 
acoustic inertor M 
including hydraulic 
junction. 


| Acoustic spring of 


acoustic compliance 
Cx Ca = V/yP o. 
One terminal per- 
manently skyed 
Typical structure: 
compliant gas in a | 
rigid container of 


volume V 

U = Cidp/dt 
Za = —j/wl's 
p= UZLs 

W = Cap?/2 
Volume displace- 
ment 


S = fUdt = Cap 
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Electric 


= ground 
Three-terminal 
inductor L includ- 
ing junction. 


FE, = fH, =f; = E 
I; = [, —_T, 
I, = E/Z 


—- 

Cy 
— 
ground 
Capacitor of ca- 
pacitance C. 


One terminal per- 
manently grounded 


Typical structure: 
an isolated metal 
sphere in free 


space 

I = CdE/dt 
Z= —j/w0C 
E=1Z 

W = CE?/2 
Charge 


Q = fIldt=CE 
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Rectilineal 
mechanical 


Three-terminal mass 
m including junction 


F; = FP, — F, 
P, = jum 
1 2 
m 
m 


Transinertor of mass 
m 


F, =F, 
Connectible either in 
series with a hot 
rod, or to earth 


Typical structure: 
floating levers or a 
hydraulic junction 
which ensure equal 
forces in the rod 

and on the two 
masses, each of mass 
2m 


1Ur1 = Vre = UR3 = UR 


j}which ensure equal 
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Rotational Acoustic Electric 


a a : 
pe Se 


Three-terminal 
capacitor C includ- 
ing junction 


Three-terminal 
acoustic inertor M@ 
including junction 


Three-terminal rota- 
{tional inertor J in- 
| cluding junction 


U,=U,=U; =U 
Ps = i — Pr 
De ae joM0 


1 F 2 
M 
M 
Acoustic transinertor 


of inertance Af 


|Frs = Fr, — Fro 
Pro = jd br 


J 
Rotational transiner- 
tor of moment of 
inertia J 

Fr, = Fre 
Connectible either 
in series with a high 
shaft, or to earth 


Condenser of 
capacitance C 


I 1= I a 
Connectible either 
in series with a 
high wire, or to 
ground 


Pi = Pr 
Connectible either 
in series with a high 
rod, or to earth 


Typical structure: 

a hydraulic junction 
which ensures equal 
sound pressures in: 
the main rod-and on 
the two inertors, 


each of inertance 
2M 


Typical structure: 
differential gears or 
a hydraulic junction 


Typical structure: 
parallel plates be- 
tween which there 
is a displacement 
current. There is 
no direct analogous 
mechanical phe- 
nomenon through 
empty space 


torques in the shaft 
and on the two iner- 
tors, each of moment 
of inertia 2./ 
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Rectilineal 
mechanical 


Three-terminal spring 
Cu including 
hydraulic junction. 


FP, = F, = F; = F | 
V3-= VU, — Ve 
De = joC uf 

1 () 2 

Cu 
Elaster of compliance 
Cu 
0; = U2 


Connectible either in 
series with a high 
tube, or to sky 


Typical structure: 
a compliant dia- 
phragm separating 
two chambers filled 
with ideal fluid 


THE IMPEDANCE ANALOGY 


Rotational 
mechanical 


—" 
i) 


ce 
> 


or 


1 — 3 
-a 
> 
Three-terminal tor- 
sional spring Cr in- 
cluding hydraulic 
junction. 


Acoustic 
1 | 3 
=~ Cn 
i 
—_ 


Three-terminal 
acoustic spring C', 
including hydraulic 
junction. 


Fr, = Fre = Fr:=Fp\|Pi = P2 = Ps = Pp 


Vr3 = Uri — UR2 


Ore = joCrF rz 


mV 


Cr 


Torsional elaster of 


rotational compliance} acoustic compliance 


Cr. 

| Vri = Ure 
Connectible either 
in series with a high 
tube, or to sky 


Typical structure: 
a torsional spring © 
reacting against a 
stationary support 


U; = U; ad U; 

O. = jwCap 

1 ® 2 
Cs 


‘Acoustic elaster of 


Ca 
U 1=> U 2 
Connectible either 


in series with a high 


tube, or to sky 


‘Typical structure: 
a compliant dia- 
phragm separating 
| two chambers filled 
with ideal fluid 


Electric 


Three-terminal 
capacitor includ- 
ing soldered 
junction. 

E, = E, = BE; = 
I 3 >= I 1 I 2 

I 2. joCk 


E 


en bee 


Condenser of 
‘capacitance C 


I; 


| Connectible either 


in series with a 


high wire, or to 
‘ground 


Typical structure: 
parallel plates 
between which 
there is a dis- 
placement current: 
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Rectilineal Rotational Cr E : 
mechanical mechanical eeu lectric 
If the masses are If the inertors are _| If the inertors are 
unequal unequal unequal 
1/m = (1/m,) /J = (1/J1) 1/M = (1/M,) 
+ (1/me) + (1/J2) + (1/M,) 
Equations: same as_| Equations: same as | Equations: same as | Equations: same as 
for a mass (above) for a flywheel, for an acoustic for a capacitor 
(above) inertor (above) (above) 


Series and Parallel Combinations of Elements 
(The following combinations of general mobilities z can be extended to the pure elements. 
Thus, by analogy, the compliance of. two springs in series is Cy = Cu. + Cun and the 
mass of two masses in parallel is m = m, + Me, etc.) — 


71 Zo 2R1 eR2 Al ZA2 Li Zz 


Mobilities in series | Rotational mobilities} Acoustic mobilities | Impedances in 


in series: in series series 
2=2, +2, Ze = Z2r,i + Zre Za = Z2a1 + Zae Z=2,4+2, 

Y2 qd. YRe- Yao Y, 
Immobilities in Rotational immobili- | Acoustic immobilities| Admittances in 
parallel (rigid ties in parallel in parallel (rigid parallel (soldered 
junctions) | (rigid junctions) junctions) junctions) 

Y= Yi + Ye Yr = Yri + Yre Ya = Yar + Yar Y=Y,+/Y, 


22 ZA2 Z> 
Mobilities enmeshed | Rotational mobili- |Acoustic mobilities | Impedances en- 
by hydraulic meshers | ties enmeshed by enmeshed by hy- ;meshed by meshers 
e hydraulic meshers | draulic meshers 
Z = 2 + 22 Zr = Zr, + Zre Za = 241 + 2a Z=4,4+2, 


F,.=F, =F Fr, = Fro = Fr Pi = p2 = Pp oe eee 
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Rotational 
mechanical 


Rectilineal 
mechanical 


Electric 


Acoustic 


Equations: same as 
for a capacitor 
(above) 


Equations: same as 
for an acoustic 
spring (above) 


Equations: same as 
for a torsional 
spring (above) 


Equations: same as 
for a spring (above) 


Series and Parallel Combinations of Elements 
(The following combinations of general impedances can be extended to the pure elements. 
Thus, by analogy, the mass of two masses in series is m = #n, + m, and the compliance 
of two elasters in parallel is Cu = Cu, + Cm, etc.) 


rw ratube 

(2M Zu 
Mechanical im- 
pedances in series 
Zu = Zm+Zue 


Acoustic impedances: | Impedances in 
in series series 
La=Lat+Zar Z=21,4+2, 


Rotational im- 
pedances in series 
Ze = Zen + Zr 


_—s 


Yue Yre Y a2 Y, 
Mechanical admit- | Rotational admit- | Acoustic admit- Admittances in 
tances in parallel tances in parallel tances in parallel parallel (soldered 
(hydraulic junctions) | (hydraulic junctions) | (hydraulic junctions) | junctions) 

Yu = Ym+Ym Ye = Ye + Yre Ye=YatYa  |Y=¥,+Y;, 
Z A2 Z. 


Impedances en- 
meshed by meshers 


Mechanical imped- 
ances enmeshed by 
rigid meshers 

Zu =Zm+Zmu 


Oo, =U, = U 


Acoustic imped- 
ances enmeshed by 
rigid meshers 
La=4a+ Zar 
U, =U,=U 


Rotational imped- 
ances enmeshed by 
rigid meshers 

Ze = Ze + Zre 


UR1 = Ure = UR 


Z=Z,4+2, 
I, =1,=TI1 
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Rectilineal Rotational Asan Electr; 
mechanical mechanical cue 
Vibrators Generators 


+ --—> 
+ 


+ ---> 


“7 
vorF 
A vibrator having a 
vibromotive velocity 


v or vibromotive 
force F as marked 


= 7 r he = a 
- ve or Fp U or p Eorl 
A rotational vibrator| An acoustic vibrator | A generator having 
having a rotatomo- | having an acousto- | an electromotive — | 
tive velocity vp or motive volume force E or current J 
rotatomotive torque | velocity U or as marked | 
Fr as marked acoustomotive sound 
‘pressure p as marked 


Meters and Their Connections 


aon VE  _ v12 _UR1 Verio | 
Meters with rigid ‘Meters with rigid Meters with rigid Meters with soldered 
junctions measure: junctions measure: | junctions measure: { junctions measure: 
Force F through or |'Torque Fz through or | Sound pressure p Current J through 
into z into Ze through or into z4__—{ or into Z 
Velocity v, at or of | Velocity vg: at or of | Volume velocity U, | Voltage £, at or of 
terminal 1 terminal 1 at or of terminal 1 | terminal 1 
Velocity v1. across z_| Angular velocity vm2| Volume velocity U1: | Voltage E12 across Z 

ACTOSS ZR ACTOSS 24 


z= 61./F | Ze = Ori/Fr za = U,:/f Z=Ep/I 
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Rectilineal Rotational A ti ae 
mechanical mechanical POUSHe ectric 
Vibrators Generators 


+ 


Eorl 
A generator having 
an electromotive 
force EF or current 
IT as marked 


A rotational vibrator|An acoustic vibrator 
having a rotato- having. an acousto- 
motive torque Fz or |motive sound pres- 
angular velocity vz {sure p or volume 

as marked velocity U as marked 


A vibrator pumping 
a vibromotive force 
F or velocity v as 
marked 


Meters and Their Connections 


: Fy, i Fri Frie P2. Piz | ere as, ae 
Meters with hydrau- | Meters with hydrau- | Meters with hydrau-| Meters with soldered 
lic junctions measure: | lic junctions measure:| lic junctions measure | junctions measure: 
Velocity v through or| Angular velocity vg | Volume velocity U | Current I through 


into Zu through or into Zz | through or into Z, | or into Z 

Force F; at or of Torque Fz: at or of {Sound pressure p, Voltage E, at or of 

terminal 1 terminal 1 at or of terminal 1 | terminal 1 

Force F: across Zy | Torque Fx, across |Sound pressure pi. | Voltage Ei. across 
Zr 7 across Za, Z : 

Zu = F;/6 Ze = Fri2/be Za = $12,/0 Z = E,,/f 


Erratum: The lower left symbol in each of the above diagrams in the first three columns should be a 
sky, not an earth. 
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Rotational 
mechanical 


Rectilineal 
mechanical 


Acoustic Electric 


Mutual Couplers. Only analogues of mutual inductance are shown though analogues of 
mutual resistance and mutual capacitance can be built using ideal transformers 


Cur Cro - C42 Le 
ag ee + —) +p +N 
an > Cum 6 Crm WS Cam WH > Le 


Cu 1 Cr 1 | C's 1 L 1 
Mutual compliance {| Mutual rotational Mutual acoustic Mutual inductance 
Cum between springs | compliance Crm be- | compliance Cam be- | L,, between coils of 
of self-compliances _| tween torsional tween acoustic self-inductances Ly 
Cu. and Co. springs of self-com- | springs of self-com- | and Lx. 

pliances Ce; and Cro. | pliances Ca: and Cao. 
v2 = Cun dF ,/dt VRo = Crm dF np /at : Use = Cam dp,/dt E, = c= dl ,/dt 
v7; = Cum dF ,/dt Uri = Cra dF p2/dt U1 = Cam dp2/dt | By = Lin dI,/dt 
V2 = —joC uml 1 etc. Vr = —jwCrml r1 etc.° Us = —jwoCamp1 E, = —joLnl etc. 
Coefficient of Coefficient of Coefficient of Coefficient of 
coupling coupling coupling coupling 


k = Cun/ VC uiC me. k —_ Cad NCGACs k = Ciel NCiCas. k = Lin NiaLs. 


al + ; _ 


Cium/C ue. Cim/Cre Can/Caz L;,/Le 


Ideal transformer Ideal transformer Ideal transformer Ideal transformer 
with springs, equiva- | with springs, equiva- | with acoustic springs, | with inductors, 

lent to mutual lent to mutual equivalent to mutual | equivalent to mutual 
springs above. springs above. springs above. inductors above. 
Typical structure: Typical structure: Typical structure: Typical structure: 


As above; springs in 
series and parallel 
with primary differ- 
ential, geared to 
A compliant hairpin | secondary differen- | 
with lever ratio n2/n. | tial. gas 
Gas spring on cou- 
pling member be- 
tween fluid filled 
differentials, 


Af...:}+ gas spring S1S{}\—— 

] = == —___—_f TW 
Proximate coils with 
air or iron core. 


Nhe 
nN, 
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Rectilineal 
mechanical | 


Rotational 
mechanical 


Acoustic 


Electric 


Mutual Couplers. Only analogues of mutual inductance are shown though analogues of 
mutual resistance and mutual capacitance can be built using ideal transformers 


Me 


Mutual mass m,, be- 
tween masses of self- 
masses m, and m:.. 


F, = Mn dv,/dt 
F, = m, dv2/dt 
F. 2, = —JuMnd; etc. 


Coefficient of 
coupling 


m;,/ Me 

Ideal transformer 
with masses, equiv- 
alent to mutual 
masses above. 


Typical structure: 


Inertia on connector 
between differentials, 
plus series mass m’. 


J. 
—<=_ 


Mutual moment of 
inertia J,, between 
rotational inertors of 
moments of inertia 
J 1 and J ” 

Fre = 5 dur, /at 

Pri = Jm dvpre/adt 

Fre = —jud mp1 etc. 
Coefficient of 
coupling 

k= Sig) VJ 2. 
+7x\ — 


Jods 

Ideal transformer 
with inertors, equiv- 
alent to mutual 
inertors above. 


‘Typical structure: 


| Inertia on connector 


between differentials, 
plus series inertor J’. 


Mutual inertance 


Le 
+ 2 
TN > La 
4 
Ty 


Mutual inductance 


M,, between acoustic | L,, between coils of 


inertors of inertances 
M 1 and M n 


p2 = M,, dU,/dt 
P1 = MM. dU 2/dt 
pe = —joM,,U, ete. 


Coefficient of 
coupling 
k = M a VM iM). 


M;,/M2 

Ideal transformer 
with acoustic iner- 
tors, equivalent to 
mutual inertors 
above. 

Typical structure: 


Inertia on connector 
between differentials, 
plus series inertor M’. 


self-inductances L, 
and L.. 


E, = L,, al,/dt 

EB, = Lm dI2/dt 

E, = —joLnl; eto. 
Coefficient of 
coupling 

k = Ln/ NLL: 


Li,/Le 

Ideal transformer 
with inductors, equiv- 
alent to mutual 
inductors above. 


Typical structure: 


Proximate coils 
with air or iron. core. 


3-168 ACOUSTICS 
THE MOBILITY ANALOGY 


Rectilineal | Rotational | Acoustic | Electric 


Ideal Transformers 


-+--—»> Z2R2 Saeed ZA2. Z2 
siting 
.—_—..— J 
*TH= 
ni Ny ny N, 

Lineal transformer Rotational trans- Acoustic transformer | Electric trans- 
with load former with load with load former with load 
The bracketed The bracketed The bracketed The inductors of 


springs of great com- | springs of great com- | acoustic springs of | great inductance 
pliance symbolize the | pliance symbolize the | great compliance symbolize the cou- 


coupling of the coupling of the symbolize the cou- | pling of the volt- 
velocities across angular velocities pling of the volume | ages across the 
primary and across primary veloeities across primary and the 
secondary, and the | and secondary primary and secondary, and 
force through the and the torque secondary, and the | the currents through 
rods, by means of through the shafts, | sound pressures the wires, by means 
levers shown below. |by means of gears | through the rods, by | of the iron core 
shown below. means of pistons below. 
below. 

v2 = NoV,/N, Vre = NVRi/M U, = n2U,/ny E, = N.E,/N1 
F, = nF 2/n Fr, = Nol ro/M Pi = N2P2/M I, = Nol2/M, 
2 = Z2(N1/N2)? 2r1 = Zr2(™/N2)? ZA1 = Za2(M1/N2)* Z, = Z(Ni/N2)? 
Typical structure: Typical structure: Typical structure: Typical structure: 
Hinged floating levers | Primary and second- Hydraulic differen- | Two coils wound 
multiply the velocities| ary differentials tials with cross-con- |on a laminated iron 
across primary with propeller shafts | nected pistons ring 
and secondary geared together 

= uw, N 2 

2 
n/n, is lever ratio n,/N; is gear ratio N2/M, = A2/A1 N./N, is turns ratio 
Very compliant Analogous possi- Analogous possi- The primary may 
dotted spring s may _ | bility bility pass a constant 
pass constant primary | current with no 
force with no second- secondary current; 
ary force; not ideal — not ideal at zero 


at zero frequency: } frequency 
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Rectilineal 


Wee 


nN, 
‘Lineal transformer 
with load 
The bracketed masses 


of great mass sym- 
bolize the coupling 
of the forces across 
the primary and sec- 
ondary, and the 
velocities through the 
tubes, by auxiliary 
mechanism as shown 
below. 


FP, = nF i/m 

Vi, = NeWe2/Ny 

Zm = Zu2(ni/ Ne)? 
Typical structure: 
Two differential dia- 
phragms or pistons, 
of different areas, 
actuated by the. 
forces across primary 
and secondary, are con- 
nected by the dotted 
rod 


+ 7 — 
= A, 

(1/M2) = (A2/A1) 
The large mass(es) 
may pass constant 
primary velocity with 
no secondary veloc- 
ity; not necessarily © 
ideal at zero 
frequency 


Rotational 


Acoustic 


Ideal Transformers 


—<aZ re 


el 


nN} 
Rotational trans- 
former with load 
The bracketed rota- 
tional inertors of 
great moments of in- | great inertances 


ertia symbolize the 
coupling of the 


Electric 


N, 


Acoustic transformer | Electric transformer 


with load 
The bracketed 
acoustic inertors of 


symbolize the cou- 
pling of the sound | 


torques across the pri-| pressures across the 
mary and secondary, | primary and second- . 


and the angular ve- 
locities through the 


| tubes, by auxiliary 
mechanism as shown | mechanism as shown 


below. 

Fre = nF ri/Ny 
Vr, =" N2VR2/N 

Zr = Zro(n1/ne)? 
Typical. structure: 
Two differentials 
actuated by the 
torques across pri- 


ary, and the volume 
velocities through the 
tubes, by auxiliary 


below. 

P2 = Nopi/ Ne 

U, = n2U 2/ Ny 

Lar = Za2(m/n2)? 
Typical structure: 
Same as the rec- 
tilineal transformer 
but the terminal 


mary and secondary | tubes are of any 


are rigidly intercon- 
nected by the dotted 
shaft 


areas 


Lap) hap 
as: | YRS 


(1/n2) = (A2/A1) 
Analogous possi- 
bility 


(ni/n2) = (A2/A;) 
Analogous possi- 
bility 


with load 

The inductors of 
great inductance 
symbolize the cou- 
pling of the volt- 
ages across the 
primary and second- 
ary, and the cur- 
rents through the 
wires, by an iron 
core shown below. 


E, S N2Ei/N, 

rT, = Nol 2/N, 

Z, = Z.(Ni/N3)? 
Typical structure: 
Two coils wound on 
an iron ring 


N,/N;z is turns ratio 
The primary may 
pass a constant 
current with 

no secondary 
current, not 

ideal at zero 
frequency 
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Rotational 
mechanical __ 


Acoustic. 


Electric 


PENN PCat PCI ray 


Y¥1 Ye 
Multiple element 
velocity transformer 
with loads. 


¥3 


Hinged lever differ- 
entials in parallel. 


Multiple element | 
force transformer 
with loads. | 

mF, = ni, = nF; 


Typical structure: 
Hinged lever differ- 
entials in series. 


YR Yre Yrs 
Multiple element 
angular velocity 
transformer with 
loads. 


Uri _ Ur2 _ UR3 
Mm 2 Ns 
(7) 
Yr = ae YRe2 
2 
+{(—] Yrs 


1 
Typical structure. 
A multiplicity of 
differentials with 
their propeller shafts 
geared together 


Multiple element 
torque transformer 
with loads. 

MF ri = Nel re 


Typical structure: 
A multiplicity of 
differentials with 
propeller shafts 
geared through 
differentials. 


Yar Yar Yas 
Multiple element 
volume velocity 
transformer with 
loads. 


Typical structure: 


ph eh fe 
Hydraulic differen- 


tials with top piston 
areas 11, N_and n3. 


6 A 
Al 2A2 2A8 


Multiple element 
sound pressure trans- 
former with loads. 
MPi = NePp2e = N3D3 


nN, 2 
2al.= |] Zae2 
Ne 


+\|—] 2Za3 
Ng . 


Typical structure: 


Hydraulic differen- 


tials with whiffle- 


trees. Top piston 
Areas ATE 11, Ne, 
and 73. 


Gass ans 
voltage transformer 


with loads. 
By _E: _ Bs 
{Ni Ne WN; 
; | 


Typical structure: 


Ring core with coils 
of N,, No and N; 
turns. | 


gate Ne ees — ae ee 


1 Vogel 


eile element 
current transformer 
with loads. 

Nil, = Nole = Nals 


Parallel leg core 
with coils of Ni, 
N, and WN; turns. 
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Rectilineal 
—_ mechanics’ 


eens ia 


Yu 1 Yu 2 Yu 3 
Multiple element 
force transformer 
with loads. 


The n’s are inversely 
proportional to pis- 
ton areas. 


———— — M. —- .— 


Multiple element 
velocity transformer 
with loads. 


NV = Neve = NzV3 


Zur 


The n’s are inversely 
proportional to pis- 
ton areas. 


THE IMPEDANCE ANALOGY 


Rotational Acoustic Electric 
mechanical 
BS aS oO 
(am are eat hS tie AN AWC gb hv 
a Yre Yr Yao Yas y Ys Y3 


ranee element Multiple element 
| sound pressure trans- | voltage transformer 


Multiple element 
torque transformer 


with loads. ‘| former with loads. with loads. 
Pi _ Pa _ Ps HE, _#, _ Bs 
Ny ° No = Ng N, No N3 
n N 
Yar -( ‘ Yar Y, = (*) Y, 
n3\" N;3\? 
+ = Yas + (*) Y; 


Typical structure: 


The n’s are inversely |'The N’s are propor- 
proportional to the | tional to the num- 
piston areas. bers of turns. 


ED 
ta Lh ae, ee a eS a Se 


Clad fam 


ase Ae 
volume velocity 


The n’s are inversely 
proportional to the 
piston areas. 


ge ae 
ea 
Zr1 Zre Lrz 


Multiple element 
angular velocity 


Multiple element 
current transformer 


transformer with transformer with with loads. 
loads. loads. 
Nr = Nee = NsVe2|NU, = ne = n3U3|Nili = Nol2 = Nols 
2 N 2 
Z, = (¥) Z: 
Ni 
+ (x) Zs 


The n’s are inversely | The N’s are propor- 
proportional to the | tional to the num- 
piston areas. bers of turns. 


The n’s are inversely 
proportional to the 
piston areas. 
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Rectilineal 
mechanical 


Rotational 
mechanical 


Acoustic Electric 


The Conservative Ideal Direct Transducers and Transformers, Which Couple Through 
Variables to Through Variables, and Across Variables to Across Variables 


Tm . bes NR eres Na 5 
rod : shaft : acoustic 7") 
| or - 
N wire N wire N wire + 
Electromechanical Electrorotational Electroacoustic Electric trans- 
current-force current-torque current-sound pres- | former 
transducer transducer sure transducer 
E/N = 0/ny E/N = Up/NR E/N = U/ma E,/N, = E,/N, 
NI = nyF INI = nek p NI = nap Nil, = Nol. 
Z = 2(N/nm)? Z = 2p(N/ne)? Z = 24(N/na)? Z, = Z2:(N,/N2) 
N/nu may be in N/nez may be in N/n4 may be in N,/Nz2 is the 
newtons per amp or | newton m per amp or | newtons/m? per amp | transformer ratio 
volts per m/sec volts per radian/sec j or volts per m*/sec 
Nu Nae 
rod ) acoustic 
rods 
acoustic 
ro 
Na Nay 
Acoustomechanical Acoustorotational Acoustic transformer 
sound pressure-force | sound pressure- 
transducer torque transducer 
Mu nro 
rod shaft | All these transducers and transformers | 
have equations and units of the form given 
in the top row 
shaft shaft 
Nr Mri | 
Rotato-rectilineal Rotational trans- 
torque-force former 
transducer 
Neue 
rod 
rod 
(3. el 


Mechanical trans- 
former 
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Rotational 
mechanical 


Rectilineal 


mechanical Electric 


Acoustic 


The Conservative Ideal Direct Transducers and Transformers, Which Couple Through 
Variables to Through Variables, and Across Variables to Across Variables 


N2 N2 
tube HHP =| + 
ee se 
— |£7gp= mat 


wire 1 
N N, wires N 1 


N wire 
Electromechanical Electrorotational Electroacoustic Electric 
voltage-force voltage-torque voltage-sound pres- | (voltage-voltage) 
transducer transducer sure transducer transformer 
E/N =F/Nyu E/N = Fr/Ne | E/N = p/Na E,/N, = E./N2 
NI = Nw: NI = Nave NI = N,U Nil, = Nelo 
Z = Zy(N/Nu)* Z = ZR(N/Ne)’ Z = Z4(N/Na)’ 1 = Z.(Ni/N2)? 


N/Nw may be in N/Nwu may be in N/Na may be in N,/N; is the 
volts per newton or | volts per newton m or | volts per newton/m? | transformer 
m/sec per amp radians/sec per amp |or m?/sec per amp __| ratio 


or 
+ 
Nu Naa tubes’ Na 
Acoustomechanical | Acoustorotational Acoustic transformer 
sound pressure-force | sound pressure- 
transducer torque transducer 
Nre Nre 


All these transducers and transformers 
have equations and units of the form given 
in the top row. 

Two styles of symbol are rational for 


Ne Np, tubes’ Na, each of these elements since mutual- 
Rotato-rectilineal Rotational trans- _| capacitance transformers and mutual- 
torque-force ducer inductance transformers are equivalent in 


transducer function 


Nis, tubes’ NV, 
Mechanical trans- 
former 


hone 
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Rotational re 
: Acoustic 
mechanical 


Electric 


The Conservative Ideal Inverse Transducers and Transformers, Which Couple Through 
Variables to Across Variables : 


lm +--> 
rod 


N | 
Electromechanical 


voltage-force 
inverse transducer 


E/N = uF 
NI = v/nMm 
Z = y(Nnx)? 


Nny may be in 
volts per newton or 
m/sec per amp 


Tm 


rod 


acoustic 
+ rod. 
Acoustomechanical 
volume velocity-force 
inverse transducer 


lu 
rod 


shaft 
+ te — 
Rotato-rectilineal 
angular velocity-force 


~ inverse transducer 


Tue 


rods 
+ aes 


Nui 
Mechanical 
velocity-force 
inverse transducer. 
A lineal gyrator 


NR +--+ 
shaft 


ae 


Electrorotational 
voltage-torque 
inverse transducer 


E/N = neF er 

NI = Ur/Nr 

Z = yr(Nne)* 

Nner may be in volts 
per newton m or 


radian/sec per amp 


TR 


shaft 


acoustic 
+ rod 
Acoustorotational 
volume velocity- 
torque inverse trans- 
ducer 


Nr 


shafts 


+ Mr — 
Rotational angular 
velocity-torque 
inverse transformer. 
A gyroscope 


Na ead ON: 
acoustic 


+ 

N 
Electric | 
voltage-current 
inverse transformer. 


1 
N 
Electroacoustic 


voltage-sound pres- 
sure inverse 


transducer A gyrator 

E/N = Nap E,/N, = Nol, 
NI = U/na Nii = E./N: 
Z = ya(Nna)? Zi = Y2(NiN;)? 


Na may be in volts | NiN; is the transfer 
per newton/m? or impedance in ohms, 
m*/sec per amp jor volts/amp 


Nag 


Ngo 

Acoustic volume veloc- 
ity-sound pressure 
inverse transformer. 
An acoustic gyrator 


| All these transducers and transformers have 


equations and units of the form given in 
the top row. 

Hither primary or secondary could 
rationally appear analogous to either an 
inductor or capacitor 
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Rectilineal 
mechanical 
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Rotational 
mechanical 


Through Variables to Across Variables 


Electromechanical 
current-force 
mverse transducer 


E/N = Nw 

NI =F/Nu 

Z = Yu(NNw)? 
NNy may be in 
newtons per amp or 
volts per m/sec 


Nu 


any area 
Acoustomechanical 
volume velocity-force 
inverse transducer 


Rotato-rectilineal 
angular velocity- 
force inverse trans- 
ducer 


Nu: 


N M1 
Mechanical 
velocity-force 
inverse transformer. 
A lineal gyrator 


Electrorotational 
current-torque 


| inverse transducer 


E/N = Noe 
NI = Fa/Ne 
Z = Yx(NNz)? 


NN» may be in new- 
ton m per amp or 
volts per radian/sec 


Ne 


+) tube 


any area 
Acoustorotational | 
volume velocity- 
torque inverse trans- 
ducer 


Ne 


tubes 


Nr 
Rotational angular 
velocity-torque 
inverse transducer. 
A gyroscope 


The Conservative Ideal Inverse Transducers and Inverse Transformers, Which Couple 


Electric 


Na 


ON 
Electroacoustic 
current-sound pres- 
sure inverse trans- 


N, 
Electric 
current-voltage 


ducer A gyrator 

E/N = NU E/N, ee Nil. 
NI = p/Na Nil, = E./N, 
Z= Ya(NNa)? Zi iT Y,(N.N,)? 


NNa may be in new- 
tons/m? per amp or 
volts per m?/sec 


Naz 


impedance in 
ohms, or volts/amp 


Acoustic volume veloc- 
ity-sound pressure 
inverse transformer. 
An acoustic gyrator 


All these transducers and transformers 
have equations and units of the form 
given in the top row. 

Hither primary or secondary could 
rationally appear analogous to either an 
inductor or capacitor 


wires 


inverse transformer. 


N,N, is the transfer 
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Rotational 
mechanical 


Rectilineal 
mechanical 


Acoustic Electric 


The Conservative Ideal Inverse Autotransformers for Connecting a Rod Diagram to a 
Tubing Diagram at a Change of Analogy. Through Variables Are Coupled to Across 
Variables | 


sky Nu Isky Ne sky Na | ground N2 
— {i+ tube --—>+ tube NaN tube —|{j + wire 
) | {| unit area ) vy unit area ) @ any area | | 
rod 


, shaft iy |. acoustic . t 
rod 0 | wire N 


earth "mR earth "a4 earth 1 ground 


v across VR across U across E 3 &Ccross 
vacross yy thru {22S _ Navathrul = = NUthru| 2 = N22 thru 
lm Tur ; NA . N, 


nyF thru — © 2°F8S | nee thru__/# 2CTOSS | nan thru _ 2 2¢FOSS | NWT, thru _ E, across 
N 


M R _ N A 2 
z= Yu(nuN mu)? ZR = Yr(nrNr)? 2,4 = Ya(naNa)? Zi = Y.(NN-)? 
nuN y is the trans- neNpe is the trans- naN, is the trans- NN, is the trans- 
former factor, former factor, often | former faetor, often | fer impedance in 
reciprocal of piston | unity unity ohms, or volts/amp. 
area, often unity : 

Typical structure: Typical structure: Typical structure: Typical structure: 
sky sky sky tube A moving coil trans- 
1 a tube ald <S ducer connected 
pump : mechanically to an 
handle \_ electrostatic trans- 
rod == unit area == unit area = any area | ducer 
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[Text continued from page 3-143.] 
parallel combination of these elements would with perfect analogy be the sum of the 
individual mechanical admittances: Yu = Yui + Yue + Ym. 

3m-10. Couplers: Transformers and Transducers. A coupler introduces a con- 
straint between circuits or between different portions of the same circuit. I+ specifies 
relationships between variables at different places, a more complicated type of rela- 
tionship than the 1 to 1 specified by connectors, which might be considered as simplified 
couplers. Ideal passive couplers transmit energy but store none. Direct couplers 
couple through variables to through variables and across to across, while inverse 
couplers couple through variables to across variables. Transformers and transducers 
couple like and unlike system types, respectively. In general, a transformer con- 
sists of a subtracter operated by the difference between the values of a variable at two 
points, actuating a multiplier, the multiplied value then being impressed as a differ- 
ence between the values of a variable at two other points. 

8m-11. Units. While any consistent system of units may be used in computations 
with analogies, the mks system is particularly advantageous since the watt will then 
be the unit of power in both the acoustic, mechanical, and electric portions of a 
transducer. Thus velocity v is in m/sec, force F in newtons, mobility z in m/sec per 
newton; angular velocity vr is in radians/sec, torque Fr in newton m, rotational 
mobility zz in radians/sec per newton m; volume velocity U is in m*/sec, sound 
pressure p in newtons/m?, acoustic mobility z4 in m?/sec per newton/m?; voltage EF 
is in volts, current J in amperes, impedance Zinohms. Power Pisin watts and energy 
W in joules, throughout. 
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4a. Temperature: Scales, . Thermocouples, and 
Resistance ‘Thermometers 


R. ¥. WILSON 
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Data. on-optical pyrometry-and.thermal radiation are: given. in See. Gyn 


TaBLE 4a-1. EquaTIONs RELATING THE ComMMON TEMPERATURE SCALES 
Celine = -Habrennett | 


eC = SF — 32). or 9(°C + 40) = 50°F +40) 


where °C = °Celsius (international scale) 
°F = °Fahrenheit 
Celsius—Kelvin (Absolute Thermodynamic) 


T°K = t°C + To + €e 
where °K = °Kelvin _ 
Lo =. temperature. of. the ice point ¢ on. ‘the absolute thermodynamic scale 
— (273.16°K) 
é. = correction term in Celsius degrees 
Fahrenheit—Rankine 


TR=27TK or TPR=0F + Mote 


“where °R = °Rankine 
TT = temperature of the ice point on the absolute shemnodynataie scale 
[$(273.16) — 32 = 459.69°R] 
ex = correction term in Fahrenheit degrees 
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TABLE 4a-3. CORRESPONDING TEMPERATURES ON THE INTERNATIONAL TEMPERATURE 
' QcaLEs or 1948 anp 1927* 
[Degrees C (int.)] 


1948 927 1927 
630.50 630.50 2107 
650 649 .92 2208 
700 699.76 2310 
750 749 .65 2411 
800 799.58 2512 
850 849 .57 2613 
900 | 899 .60 2715 
950 949.68 2816 
960.80 960.50 2918 
1000 999 .80 3020 
1050 1049 .95 3122 
1063 .00 1063 .00 3223 
1100 1100.2 3325 
1200 1200.6 — 3428 
1300 1301.1 3530 
1400 1401.7 3632 
1500 1502.3 3735 
1600 1603 .0 3837 
1700 1703.8 3940 
1800 1804.6 4043 
1900 1905.5 4146 
2000 2006 . 4 4249 


* Robert J. Corruccini, Differences between the International Temperature Scales of 1948 and 1927, 
J. Research, Natl. Bur. Standards 48, 133 (1949), RP2014. 
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TABLE 4a-4. SEcOoNDARY Frixep PoINTs UNDER THE PRESSURE OF 1 STANDARD 
ATMOSPHERE (EXCEPT FOR THE TRIPLE POINTS) * 


Temp. (°C) 
. (Int. 1948) 
Temperature of equilibrium between solid carbon dioxide and its vapor.. —78.5 
2 
= —78.5 + 12.12 (2 = 1) — 6.4 (2 — 1) 
| Po Po 
Temperature of freezing mercury.............0..0.0.0 00 .c cece eee eee —38 .87 
Temperature of equilibrium between ice, water, and its vapor (triple point) -+0.0100 
Temperature of transition of sodium sulfate decahydrate............... 32.38 
Temperature of triple point of benzoic acid........................04. 122.36 
Temperature of equilibrium between naphthalene and its vapor......... 218.0 
2 
tp = 218.0 + 44.4 (2 - 1) — 19 (2 ~ 1) 
Po Po 
Temperature:of 1reezing Wins yes ood ualng caw erie ena beau eine 231.9 
Temperature of equilibrium between benzophenone and its vapor....... 305.9 
o { P P 
tp = 305. 48.8(— -—1 ~2 (2-1) 
a (2 ) \Po | 
Temperature of IPCCZIN ECAC INN saya 5 iol ees Kaew nee gai . snake 320 9 
Pemperatare of Ireezing lead .3 cicttu si outer eine deat Popes Hababkeds 327 .3 
Temperature of equilibrium between mercury and its vapor Sh el hada wee ty 356 .58 


| of P p : p ‘ 
tp = 356.58 + 55.552 (2 7 1) — 23.03 (2 = 1) + 14.0 (2 = 1) 
Po Po Po 


Temperature of freezing zinc.................. Gee es Nad eye aise ee 419.5 
Temperature of freezing antimony.................02.0 cece ceceeeees 630.5 
Temperature of freezing aluminum...................-.0....000 0000. 660.1 
Temperature of freezing copper in a reducing atmosphere. doit pdt tee ane 1083 
Temperature of freezing nickel... .................0000- ee 1453 © 
Temperature of freezing cobalt..........0... 0... cece ee ee eee eee .... 1492 
Temperature of freezing palladium.....................000-0000- wee. 15525 
Temperature of freezing platinum................ peut as pauca teats ..... 1769 
Temperature of freezing rhodium.:......... peor baa ale oie ... 1960 — 
Temperature of freezing iridium...... SE Sete Nahi tices APs cots tate, oe ae ete daa te 2443 
Temperature of melting CUNGSUEN 6 603 630 Ses 2 we ee ee edad fad 3380 | 


* H. F. Stimson, The International Temperature Scale of 1948, J. Research Natl. ‘Bur. Standards 42 
(1949), RP1962. 
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TABLE 4a-5. THERMAL EMF OF CHEMICAL ELEMENTS RELATIVE TO PLATINUM* 


HEAT | 


Lithium, | Sodium, Potas- Rubid- | Cesium, { Calcium, | Cerium, 
mv mv slum, mv | lum, mv mv _ mv mv 
—1.12 +1.00 +1.61 | +1.09 +0. 22 
—1.00 +0.29 | +0.78| +0.46 | —0.13 

0 0 0 0 0 0 0 
Seliger Ws. Sohaviuate Ne eaakiwke wit tataie ate: I) sate ata —0.51 | +1.14 
ee a ee ee errr, eee ee ee ee —1.13 . 2.46 
LiamsnGei "| palettes insets pi akacg ere]. EAR —1.,85 : 

= ‘Cad- | wea aaa aor 
Magne- Zine, iui Mercury, | Indium, | Thallium,} Alumi- 

slum, mv mv ates mv | mv. mv num, mv 
+0.37 —0:07 | —0.04 |] ...... |] ...... Det dar eo +0.45 
—0.09 702937) 220 31.) udowen  Geamiee | -oeecen —0.06 

0 0 0 0. 0 0 0 
+0.44 +0.76 | +0.90 —0.60 | +0.69 +0.58 +0 .42 
+1.10 1.89 2.35 | —1.388 | ...... 1.30 1.06 
etenteits 3.42 4.24 Ss Sta eo Se eras 2.16 (1.88 
Desa 6.294) 2.5... ere ree Per 2.84 
Thy oan Ty hate eee VO) Pata do Ml Sect oN) settee el Sees ciel — 3.930 
pidecitiste UY aelceccratin, AN akira, AE bcraredad ‘WP cei seacets Wh aiataetens 5.15 

Carbon, | Silicon, Germa- Tin, Lead, Anti- | Bismuth, 

mv mv nium,mv| mv mv |mony, mv; mv 
bch tee 4 +63.13 | —46.00 | +0.26 +0.24 eee +12.39 
Ee ahade tas +37.17 | —26.62 | —0.12 —0.13 Ae en Me os 
| 0 0 0 0 0 0 0 
+0.70 | —41.56 | +33.9 | +0.42 | +0.44 | +4.89 | —7.34 
1.54 — 80.58 72.4 1.07 1.09 10.14 | —13.57 
2.55 | —110.09 91.8) |! 2octek 1.91 15.44 x 
B02) Veena S223. \) 2etees |) ivacuce (20.53 
Delo ll, Sage wioded 63 .5 Sa ae ee eee 25.10 
6219) eden aes Ce re mere 28.88 
8.84 | ........ 27.9 | 
11.01 
13.59 
16.51 
19.49 


See page 4-7 for footnotes. 
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TaBLE 4a-5. TuerRrMAL Emr or CHEMICAL ELEMENTS RELATIVE TO PLATINUM* 


(Continued) 

Temp., | Copper, Silver, | Gold, | Iron, Cobalt, Nickel, 
°C _ mv mv mv mv mv mv 
—200. | —0.19 | +~0.21 | —0.21 —3.10 A A tates +2 .28 
—100..:|}. —0.37 |; -—0.39 —0.39 —1.94 | ....... +1.22 

0:. 0. 0 | 0 0 | 0 0 
+100 . +0.76 | +0.74 +0.78 - +1.98 — —1.33 —1.48 
200° | 2 1.83 |..:. 1.77 1.84 |. 3.69 | —3.08 —3.10 
300 | > 3.15 * 3.05 |- 3.14 5.03 —5.10 —4.59 
400 4.68 |: 4.57 4.63 » 6.08 —7 24 . —§.45 
500.°;: 6.41 | 6.36 |. 6.29 | 7.00 —9.35 - —6.16 
600. |. 8.34 | . 8.41 | 8.12 8.02 —11.28 | —7.04 
700-:; - 10.49 4} °10.75 10.13 |. 9.34 —12.88 |. —8.10 
800. |. 12.84 | °=18.36 12.29 | 11.09 | —14.00 | —9.35 
900. - 15.41 16.20 ~ 14.61 — 13.10 —14.49 .—10.69 
1000: -;.:18.20 | ...... | 17.09 | 14.64 —14.20 | —12.13 
TEOO! PY coexawa> th, -aelenaeer 1 Kone’ be dee eho —-12.98 |. —13.62 
1200 | ...... i OW petetet, 1, -taneaee Ane Caren ee ae —10.68 
Temp.,| Iridium, | Rhodium, |  Palla- oe Tung- Tanta- | Thorium, 
e ; | denum, Y. 
C . mv..|. mv dium, mv — sten, mv | lum, mv Mv 
—200 ; —0.25 —0.20 +0.81 |; ...... +0.43 +0.21 
—100 —0.35 —0.34 +0.48 | ...... —0.15 —0.10 
0 0 0 0 0 0 0 0 
+100 +0.65 +0.70 —0.57 +1.45 +1.12 +0.33 —0.13 
200 1-49 1.61 —1.23 3.19 2.62 0.93 —0.26 
300 2.47 2.68 —1.99 5.23 4.48 1.79 —0.40 
400 3.55 3.91 —2.82 7.57 6.70 2.91 —0.50 
500 4.78 5.28 —3.84 10.20 9.30 4.30 —0.53 
600 6.10 6.77 —5.03 13.13 12.26 5.95 —0.45 
700 7.56 8.40 —6.41 16.35 15.60 7.87 —Q.21 
800 9.12 10.16 —7.98 19.87 19.30 10.05 +0.22 
900 10.80 12.04 —9.72 23 .69 23 .36 12.49 +0 .87 
1000 12.59 14.05 —11.63 27.80 27 .80 15.20 +1.73 
1100 14.48 16.18 —13.70 32.21 32.60 18.17 +2.80 
1200 16.47 18.42 —15.89 36.91 37.78 21.41 +4.04 
1300 18.47 20.70 SVS ler. wp deces.. 4 temenake, Wl ewe +5.42 
1400 20.48 23 .00 —20.41 


* A positive sign means that in a simple thermoelectric circuit the resultant emf as given is in such a 
direction as to produce a current from the element to the platinum at the reference junction (0°C). 

The values below 0°C, in most cases, have not been determined on the same samples as the values 
above 0°C. 

American Institute of Physics, ‘‘Temperature, Its Measurement and Control in Science and Indus- 
try,”” pp. 1308-1310, Reinhold Publishing Corporation, New York, 1941. 
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TABLE 4a-6. THERMAL Emr or Important THERMOCOUPLE MATERIALS RELATIVE 
TO PLATINUM* 


~Temp., |Chromel P,| Alumel, Copper, Iron, Constantan, 


°C mv mv mv mv mv 
— 200 —3.36 +2 .39 —0.19 —2.92 +5.35 
—100 —2.20 +1.29 —0.37 —1.84 +2 .98 

0 0 0 0 0 0 
-++-100 +2.81 —1.29 +0.76 +1.89 —3.51 

200 5.96 —2.17 1.83 3.54 —7.45 

300 9.32 —2.89 3.15 4.85 —11.71 

400 12.75 —3.64 4.68 5.88 —16.19 

500 16.21 —-4.43 6.41 6.79 — 20.79 

600 19.62 —5.28 8.34 7.80 —25.47 

700 22.96 —6.18 10.49 9.12 —30.18 

800 26.23 —7.08 12.84 10.86 —34.86 

900 29.41 —7.95 15341 12.84 —39.45 
1000 32.52 ~—8.79 18.20 14.30 — 43.92 
1100 35.56 —9.58 
1200 38.51 —10.34 
1300 41.35 —11.06 
1400 44.04 —11.77. 


* American Institute of Physics, ‘‘Temperature, Its Measurement and Control in Science and 
Industry,”’ pp. 1308-1310, Reinhold Publishing Corporation, New York, 1941. 
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Copper- 


beryl- 
lium, 
mv 


Yellow 
brass, 


Phosphor 


bronze, 


Solder : 


50 Sn- 
50 Pb, 
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TABLE 49-7. THERMAL Emr or Some AuLoys RELATIVE TO PLATINUM* 


2 eeeeeeeneeeneest (elnenien eeeennneeememess Comeeneeenennetl Smmmmmeemeesemenentee eee dl Reneeeeg ee a eS See a eae 


+0.46 


+0. 45 


—_— SS | — CO— I Oe | Oe ff OF 
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stainless 


steel, 


Nickel 
coin 


(75 Cu- 


25 Ni), 


Silver 
coin 
(90 Ag— 
10 Cu), 

mv 


anne Semen eenemnemeettemmeneeel (omemeneamenmememnmmmmmemmennemermet Rannneencnmn annem erent arene SS ee (eee 


+100 


200 | 


300 
400 
500 
600 
700 
800 
900 
1000 


* American Institute of Physics, “Temperature, Its Measurement and Control in Science and Indus- 
try,’’ pp. 1308-1310, Reinhold Publishing Corporation, New York, 1941. ; 
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TasBLE 4a-8. PLATINUM vs. PLaTiInumM-10% Ruoptum THERMOCOUPLES* 
[Emf, absolute millivolts; temp., °C (int. 1948); reference junctions at 0°C] 


Onn 10 20 30 40 50 60 70 80 90 100 

0 | 0.000] 0.056| 0.113] 0.173] 0.235) 0.299] 0.364] 0.431{ 0.500/ 0.571) 0.643 
100 | 0.643! 0.717] 0.792] 0.869} 0.946] 1.025] 1.106] 1.187] 1.269] 1.352] 1.436 
200 | 1.436] 1.521] 1.607] 1.693] 1.780] 1.868| 1.956| 2.045| 2.135| 2.225) 2.316 
300:| 2.316| 2.408] 2.499] 2.592] 2.685] 2.778} 2.872] 2.966] 3.061; 3.156). 3.251 
400 | 3.251] 3.347] 3.4421) 3.539] 3.635] 3.732| 3.829| 3.926| 4.024] 4.122| 4.221 
500 | 4.221] 4.319| 4.419] 4.518] 4.618] 4.718] 4.818} 4.919] 5.020} 5.122] 5.224 
600 | 5.224] 5.326] 5.429] 5.532| 5.635] 5.738] 5.842] 5.946| 6.050/ 6.155| 6.260 
700 | 6.260| 6.365] 6.471] 6.577| 6.683| 6.790| 6.897) 7.005| 7.112] 7.220| 7.329 
800 | 7.329| 7.438] 7.547| 7.656| 7.766| 7.876) 7.987) 8.098| 8.209| 8.320) 8.432 
900 | 8.4382] 8.545] 8.657] 8.770| 8.883| 8.997] 9.111] 9.225) 9.340] 9.455) 9.570 
1000 | 9.570] 9.686] 9.802] 9.918] 10.035] 10.152 | 10.269 | 10.387 | 10.505 | 10.623 | 10.741 
1100 | 10.741] 10.860 | 10.979 | 11.098 | 11.217 | 11.336 | 11.456 | 11.575 | 11.695 | 11.815 | 11.935 
1200 | 11.935 | 12.055 | 12.175} 12.296 | 12.416 | 12.536 | 12.657 | 12.777 | 12.897 | 13.018 | 13.138 
1300 | 18.138] 13.258 | 13.378] 13.498 | 18.618 | 13.738] 13.858 | 13.978 | 14.098 | 14.217 | 14.337 
1400 | 14.337 | 14.457 | 14.576 | 14.696 | 14.815 | 14.935 | 15.054 | 15.173 | 15.292 | 15.411 | 15.530 
1500 | 15.530 |.15.649 | 15.768 | 15.887 | 16.006 | 16.124 | 16.243 | 16.361 | 16.479 | 16.597 | 16.716 
1600 :| 16.716 | 16.834 | 16.952 | 17.069 | 17.187 | 17.305 | 17.422 | 17.539 | 17.657 | 17.774 | 17.891 
1700 | 17.891 | 18.008 | 18.124 | 18.241 | 18.358 | 18.474 | 18.590 : 


* Henry Shenker, John I. Lauritzen, Jr., and Robert J. Corruccini, Reference Tables for Thermo- 
couples, Natl. Bur. Standards (U.S.) Cire. 508 (May 7, 1951). 


- TaBLE 4a-9. PLATINUM vs. PLaTINUM-13% RHODIUM THERMOCOUPLES* 
_.. [Emf, absolute millivolts; temp., °C (int. 1948); reference junctions at 0°C] 


°c | 0 | 10 20 | 30 40 50 60 70 80 90 | 100 


0 | 0.000] 0.055! 0.112] 0.172] 0.234] 0.298) 0.363| 0:431] 07500] 0.572] 0.645 
100 | 0.645| 0.721] 0.798| 0.877] 0.957| 1.039} 1.121) 1.205; 1.290} 1.377] 1.465 
200 1.465] 1.553| 1.643] 1.734] 1.826] 1.918] 2.012] 2.107] 2.202) 2.298) 2.395 
300 2.395| 2.493] 2.591| 2.690; 2.790; 2.890; 2.991) 3.092; 3.194] 3.296; 3.399 
400 | 3.399] 3.502| 3.607] 3.712| 3.817] 3.923) 4.029| 4.134) 4.241] 4.348] 4.455 
500 | 4.455] 4.563] 4.672] 4.782| 4.893} 5.004/ 5.115) 5.226) 5.338) 5.450/ 5.563 
600 | 5.563] 5.677} 5.792] 5.907} 6.022} 6.137] 6.252; 6.368) 6.485| 6.602/ 6.720 
700 6.720| 6.838| 6.957| 7.076] 7.195] 7.315| 7.436) 7.557! 7.679; 7.801) 7.924 
800 | 7.924| 8.047] 8.170| 8.294] 8.419; 8.544) 8.669| 8.795| 8.921] 9.047] 9.175 
900 | 9.175] 9.303] 9.431] 9.559! 9.687] 9.816) 9.946 | 10.077 | 10.208) 10.339) 10.471 
1000 | 10.471 | 10.603 | 10.735 | 10.869 | 11.003 | 11.138; 11.273 | 11.408 | 11.544; 11.681 | 11.817 
1100 | 11.817 | 11.954] 12.090 | 12.227 | 12.365 | 12.503 | 12.641 | 12.779 | 12.917 | 18.055 | 13.193 
1200 | 18.193 | 13.332 | 18.471 | 13.610 | 13.749 | 13.888 | 14.027 | 14.165 | 14.304 | 14.443 | 14.582 
1300 | 14.582 | 14.721] 14.860 | 14.999 | 15.138] 15.276 | 15.415 | 15.553 | 15.692 | 15.831 | 15.969 
1400 | 15.969 | 16.108 | 16.247 | 16.386 | 16.524 | 16.663 | 16.802 | 16.940 | 17.079 | 17.217 | 17.355 
1500 | 17.355 | 17.493 | 17.631 | 17.768 17.906 | 18.043 | 18.179 | 18.316 | 18.453 | 18.590 | 18.727 
1600: | 18.727 | 18.864 | 19.001 | 19.137 | 19.273 | 19.409 | 19.545 | 19.682 | 19.818] 19.954 


* Henry Shenker, John L. Lauritzen, Jr., and Robert J. Corruccini, Reference Tables for Thermo- 
couples, Natl. Bur. Standards (U.S.) Cire. 508 (May 7, 1951). 
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TaBLE 4a-10.::CobPpER vs.' CONSTANTAN "FHERMOCOUPLES* | 
[Emf,' absolute millivolts; temp., °C; (int. 1948); reference junctions at 0°C] 


eeeenateremeen: | artareryreot | ete—eaernnieiets | enceernineeceniees | ame | | ane | eens | muertos | ae teeme | eterna: f gt 


—100 | 8.349] —3.624| —3.887| —4.138] ~4.'877| —4.603| —4.817) ~ 5.018] —5.205| —5..879 


(—)0} 0.000] —0.380| —0.751| —1.112) —1.463] —1.804| —2.135]) —2.455| —2.764| —3 .062 


(+)0| 0.000] 0.389}. 0. 2.035] 2.467| 2/908] 3:357| 3.813} 4.277 
100| 4.277| 4.749 '6.703| 7.208} 7.719] 8.236] 8.759] 9.288 
: 200 |: 9.288] 9.823 12.015] 12.675] 13.140] 13.710] 14.285| 14-864 
ee 15.447 


AG ea ilies ‘19 .032| 19.642| 20.257 


* Henry Shenker, John L. Lauritzen, Jr., and. Robert J. Corruceini, Reference Tables for Thermo- 
couples, Nail. Bur. Standards (U. 8.) Cire. 508 (May 7, 1951). 


TABLE 4a-11. Tapk vs. en Tamauosou sun? 


[Emf, absolute millivolts; temp. - ay, (int. 1948); reference junctions at "cy 


‘tal 7.40|— 7.001 


7 | 

(—)0 — 3.341— 3.78|— 4.21/— 4.63 
(+)0 8.65} 4.19)... 4.73) = 5.27 
100 “ 9.41} 9.67] §10.22] 10.78 

200 |: 14.67} 15.22] -15.77] : 16.33 

300 20.20}. 20.75) 21.30! 21.85 

400 25.72| 26.27} 26.83] 27.39 

500 31.37, 31.95) 32.53) 33.11 

600 37.30] 37.91} 38.53] 39.15 

700 43.60| 44.25} 44.89] 45.53 

49.98 anal 


800 


* Robert Jee _Corruccini and Henry Shenker, Modified 1913 Reference. Tables for Iron-Constantan 
Thermocouples, J. Research Natl. Bur. Standards 50, 229 (1908): RP2415. 


ed in Ra tht ti ih cn i, Seta ih ah Re Sik a it SC i NE titan at a Be cia a aa aE Ei Bi alk ES etm ce 


ah. Sei She ie anti aE aE ue ae tt EA kM? a at a 


inact Lan Sue! 


ne Rta ath serine coms te ana te 


Soper nee rE 


sh Sith apne oe ae et NE 


see ge aia scar ae ng beges poner einen Stee EA Sh 


4-12 oo... HEAT: 


- TABLE 4a-12. CHROMEL vs. ALUMEL THERMOCOUPLES": 
{Emf, absolute millivolts; temp., °C, (int. 1948); reference junction at 0°C] 


* Henry Shenker, John L. Lauritzen, Jr., and Robert J. Corruccini, Reference Tables for Thermo- 
couples, Nail. Bur. Standards 7 8) Circ. 508 (May 7, 1951). 


Tape 4a-13. Curomen vs. ConsTANTAN THERMOCOUPLES* 
{Emf, absolute millivolts; temp., °C Gale 1948); reference junctions at 0°C] 


* Henry Shenker, John L. Lauritzen, Jr., and Robert J. Corruccini, Reference Tables for Thermo- 
couples, Natl. Bur. Standards (U.S.) Cire. 508, (May 7, 1951). 


TaBLE 4a-14. ELECTRICAL REsIsTIVITY OF SOME ELEMENTS AND ALLOYS AS A 


FUNCTION OF TEMPERATURE* 
[At 0°C both the relative (R;/Ro) and actual resistivity (microhm-cm) are given] 


TEMPERATURE SCALES 


Temp., | Platinum| Copper | Nickel Iron Silver a ie ae 
C |. (R:/Ro) | (Ri/Ro) | (Rt/Ro)- |. (Rt/Ro). |: Uee/Ro), § (R,/Ro) | (Ri/Ra) 
—200 | 0.177 OAT ty aesed de ‘eee 0.176 
—100 | 0.599 0.557 Naive a eauies 0.596 
0 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
(9.83) (1.56) |. (6.38):| (8.57) -| - (4:50) (18.4) (19.0) 
19 1.392 1.431 1.663 1.650 1.408 1.166 1.156 
200 1.773 |-.1,862-.1 -2:504: 2. 464 of BDF 4 15330 | 2: 308° 
300 | 2.142 2.299 3.611 3.485 | 2.256 1.490 1.456 
‘400 | 2.499 |. 2.747. |. 4.847 4.716 | 2.698 1.646 | 1.601 
500 | 2.844 3.210 5.398 6.162 | 3.150 1.798 | 1.744 
600 | 3.178 3.695 5.882 7.839 | 3.616 1.947 1.885 
700°} 3.500: | °4:208 : | + 62327 9.790: |. 4.094 | 2.093 2.023 
800 | 3.810 | 4.752 6.751 12.009 | 4.586 2.234 2.157 
900 | 4.109 5.334 7.156 | 12.790: | 5.091 2.370 2.287 
1000 | 4.396 5.960 | 7.542 13.070 | ..... 2.503 | | 2.414 
1100 | 4.671 |. ..... nie iectawee Gi) - Bae 2.633 2.538 
1900-4; 42085: ||| “eeeas, | teu, Po well wes 2.761 2.660 
1300.1)" BIST csawe I, dbahar FY Stews Oh oben 2.887 2.780 
P4008. 2A Oe Vt aseseer, 1, Gemaskee Uh abdicate i eaten 3.011 2.898 
1500.) -5°655 S|. ices 7] Sasear W eee oh abeus 3.133 3.014 
Alumel 95| , , 
— | 80 Ni-20-| 60 Ni-24 |} 50 Fe-30 | Chrome! | Ni-par, | COPSt8™-| Manga 
Temp., C Fe-16 Cr | Ni-20 C P (90 Ni- Al Sj tan (55 : 
°C Poa eo a ah i 10 Cr mee Cu-45 Ni) ere 
a ¢/ *v0 (R./Ro) t/ v0 . 
0 1.000 1.000 | 1.000 | 1.000 1.000 {| 1.000 |. .1.000 
(107.6).| (111.6) -| (99.0) | (70.0) (28.1): | (48.9) (48.2) 
100 1.021 1.025 1.037 1.041 1.239 0:999 | 1.002 
200 | 1.041 | 1.048 | 1.073 1.086 | 1.428 0.996 | 0.996 
300 1.056 1.071..| 1.107 1.134 | 1.537 0.994 0.991 
400 1.068 1.092 -| 1.137 1.187 1.637 0.994 0.983 
500 1.073 1.108 | 4.163 1.222 1.726 1.007 _—- 
600 1.071 1.115 | 1.185 1.248 1.814 1.024 
- 700 1.067 1.119 - 1.204 1.275 | 1.899 1.040 
800 1.066 | 1.127 | 1.221 1.304 1.982 1.056 
,:900. | 1.071 | 1.188 || -1.237 1.334 | 2.066 1.074 
1000 1.077 1.149 1.251 1.365 2.150 1.092 
1100. WOSFe eisai tekas 1.397 | 2.234 1.110. 
1200.2) doe: ol) dou Sent wheat 1.430 | iis 


oes ee 


_ * The values below 0°C, in most cases, were not dotermined-6 on thes same ecuripless as =the values above 0°c. 
~ American ‘Institute of Physics, ‘‘Temperature, Its Measurement and Control in aoe ene 
Industry,’’ p.. 1312, Reinhold Publishing Corporation, New York; 1941. . a 
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The N ational Bites of Sinndnids 


Table 4b-1 summarizes: ‘the seavipal peisetting of 10 ) paramagnetic: salts.: De- 
tailed: data are given in the rest of the section: Bos 


Tape 4b-1. ‘Prorunriss OF Pipeeneen Saure’ 


Ce ore 


Gram- wee Curie | Specific Splitting 


' « Paramagnetic salt . ionic ian: v1 const. heat const. | : factor 
weit]? Gam)) o (2m) face | fem 
1. Cerium magnesium nitrate . ‘4 . , et ie es 
2Ge(NOs)s'3Mg(NOs)2°24H20..... 765 | ft 0.318 7.5 x 10-@ | ——— 
2. Chromium potassium alum 
Cr2(SO.4)s*K2S04:24H20........... 499 1.83 1.88 0.017 0.25 
38. Chromium methylammonium alum | _ . 
_ Cr2(SO4)s(CHsN Hs) 2804-24H20...| 492 1.645 | 1.88 0.019 =- 0.27 
4. Copper potassium sulfate CuSO oe = : , me 
K:S0«6H20......... nee Sener 442. | 2.22 | (0.445) _ 6.0 X 1074 
5. Iron ammonium | alum Fex(800s a i - . 
(NH:1)280424H2O...........05... 482 1.71 4.38 0.0143 0.23 
6. Gadolinium sulfate . 
Gd2(SO4)s'8H20..............005. 373 3.010 7.88 0.32 — 1.35 
7. Manganese ammonium sulfate — ‘ . = . 
MnS0.-(NH:1)280«6H20..........] 391) | 1.83 | 4.88 °° -- | 0.0383 0.24 
8. ‘Fitanium cesium ‘alum Ti2(8QO,4)3 ane wa 
CaSO. 24H20.. pet Spiel gte oes Wie: Ag ea 589 ~2 . (0.118), 3.9 K.1075 reaeEe 
9. Cobalt ammonium sulfate CoSO«u} 395 1. 902 38.00 4.30 X 10°? | ——— 
(NH)80- 6H20..........- MG are . 0.873 - . 
10. Ganpes sulfate ental pdeats 250 2.284 .| (oe : ) i ——— 
Cu8S0.4°5H20. ; ee A= —0.65. 


Note: Average values for C,. measured for. anisotropic salts in powder form, are quoted in parentheses: 


1. Cerium Magnesium Nitrate. 2Ce(NOs)s'3Mg(NOs)2:24H0; gram-ionic weight, 
765; Ce3+; 4f1; Fy. Be S | ms | ee 

The next lowest level'to the ground state, *F;, lies about 2, 500 cm~-! above the 
2F, ground level. The latter is assumed by Cooke, Duffus, and Wolf? to be split 
into doublets characterized to a first approximation by Jz = +3, +3, +3. 

Cooke et al. find A/C = 1,970, g, = 1.84, g = 0.25 + 0.05. Taking C = 0.318 
emu per g ion, A/R = 7.5 X 10-* deg?. (Owing to the smallness of the magnetic 


1A. H. Cooke, H. J. Duffus, and W. P. Wolf, Phil. Mag. 44, (7), 623 (1953). 
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specific. heat, the contribution to the specific heat from the lattice is not negligible 
at.1°K and may be estimated to become comparsvle with the magnetic specific heat 
at about 0.5°K.).. 

- Daniels and Robinson! find A/R = 6. 4X 10-5, and that T7* = T down to 0,006°K. 
Their data are given in 1 Table 4b-2. | . % : 


TaBLE 4b-2. TEMPERATURE DATA ON Cinrint Maanesium NITrRatTe 
(DANIELS AND RoBINSON) 


T } T T* T f hig 
10-3 °K | 107-3° 10°? °K | 10-3° 


mmm mec ep ees tenants leeeeemmnmeenmnenenrerens | KEnnmnmmnmemmmenmemmemmmnnnnen) Cr ee 


0.300; 3.08 3.20 0.475 3.23 3..88 0.570 4. 

0.350} 3.08 | 3.28 0.500 3.43 4.09 0.580 5.12 5.32 
0.400} 3.08 | .3.38 0.525 3.76 4.35 0.590 5.46 5.56 
0.425]; 3.08 3.49 0.550 4.25 4.72 0.600 5.86 5.86 


2. Chromium Potassium Alum. Cre(SO.)3-K280,-24H.0; gram- ionic weight, 499; 
density, 1.83; Cr+; 3d3; 4Fs. 

An orbital singles is lowest = acti 10‘ cm~ below the first triplet. This spin quad- 
ruplet remains degenerate in a cubic field but splits into two Kramers doublets in any 
field of lower symmetry. g = 2. Paramagnetic-resonance experiments by Bleaney? 
‘indicate two distinct values of the splitting 5 below 160°K, and the situation is very 
confused. (Adiabatic-demagnetization experiments lead to a rms value of 6. ) 

De Klerk’ finds A/R = 0.0192 deg?, and 8/k = 0.27 deg for a powder specimen. 
His data are given in Table 4b-3. 


TABLE 4b-3., TEMPERATURE Data on Curomium Porasstum Aum (pe KLERK) 
ee ee ee ee ee | 
Ai, gauss| T;,°K | In4 — S/R T ;* T;, °K 


V—_—e—— ee Of 


628 | 1.174 0.0102 0.946 | 0.944 
823 :«| «1.184 0.0124 0.877 | 0.875 
1,022 | 1.177 0.0154 0.784 | 0.782 
1,209 | 1.174 0.0189 0.701 | 0.699 
1,645 | 1.158 0.0296 0.570 | 0.566 
1,905 | 1.157 0.0369 0.508 | 0.502 
2,183 | 1.155 0.0461 0.453 | 0.448 
2,762 | 1.152 0.0687 0.365 | 0.359 
3,572 |. 1.149 0.1085 0.288 | 0.280 
4,152 | 1.153 0.1380 0.251 | 0.242 
5,805 | 1.148 0.2480 0.178 | 0.166 
8120 | 1.142 0.4180 |. 0.124 | 0.108 

10,310 | 1.143 0.5710 0.095 | 0.077 
ae A Ries SNS SP Aes, Oe Rey ORE EE ee 


For two single crystals, 6/k = 0.263 deg and 0.251 deg respectively. 
In Table V-IV of the reference, de Klerk lists corresponding values of T*, In 4 — S/ 
R, and T ranging between the values 0.064 and 0.033 deg, 0.801 and 0. 987 deg, and 


1 J. M. Daniels and F. N. H. Robinson, Phil. Mag. 44, (7), 630 (1953). 
2 B. Bleaney, Proc. Roy. Soc. (London), ser. A, 204, 203 (1950). 
3D. de Klerk, Thesis, p. 52, Leiden, 1948. 

4 Ibid., pp. 54, 89. 
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0.035 and 0.0039 deg, respectively. This table is not internally consistent, however, 
and one cannot say which part of the data listed is in error. -Assuming the T values 
to be correct andthe error to lie elsewhere, there is marked disagreement between these 
results and those of Daniels and Kurti! given in Table 4b-4, for a compressed-powder 
specimen. The latter authors find absolute temperatures greater than de Klerk’s 
values iM a pieeter of 3 at the lowest entropies. 


TABLE 4b-4. TEMPERATURE Data ON Curomium PorassIuM Aum (DANIELS 
AND Kurt!) 


in4—S/R | 7,°K |m4—S/R| T,°K 


0.487 ~ 0.0728 ~~ 0.906 — 0.011; 


0.550 0.0515 1.096 © 0.011; 
0.630 0.0354 1.136 | 0.010, 
0:731 0.0232 1.178 0.009, 
0.848 0.0127 1.236 — 0.007, 


= 16 X 108 


(0 


“The igat reliable measurements above 0. kK are those of Bleaney? given i in ‘Table 
Ab-5. 


ma] 


Tapa: Ab-5. TEMPERATURE DaTA ON CHROMIUM Porasstom ALUM (BLEANEY) 


3. Chromium Methylammonium Alum. Cr2(SO.)s(CHs-NH:z)2S0.-24H20; gram- 
ionic weight, 492; density, 1.645 (see chromium potassium alum). - 

Discussion is the same as for the potassium alum except that: paramagnetic-reso- 
nance experiments’ indicate a unique value for the splitting 6. The following values of 
5/k from demagnetization experiments have been reported: de. Klerk and Hudson‘ 
(powder specimen), 0.275 deg; Gardner and Kurti' (compressed powder), 0.27; 
Hudson and McLane® (single crystal), 0.269 + 0.003.. The paramagnetic-resonance 
value is smaller than these values, and the cuscropaney is probany< due to some aniso- 
tropic exchange interaction. 


The absolute temperature measurements of Gardner and Kurti are summarized in 
Table 4b-6. 


Al I M. Daniels and N. Kurti, Proce. ‘Roy. Soc. (London), ser. A, 221, 243 (1954). 
2B. Bleaney, Proc. Roy. Soc. London, ser. A., 204, 216 (1950). . 
3B. Bleaney, Proc. Roy. Soc. (London), ser. A. 204, 203 (1950). 
4D. de Klerk and R. P. Hudson, Phys. Rev. 91, 278, (1953).- ds 
6’ W. EB. Gardner and N. Kurti, Proc. Roy. Soc. (London), A, 223, 542 (1964). 
¢R. P. Hudson and C. K. McLane, Phys. Rev., 95, 932, (1954). 
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TABLE 4b-6. TEMPERATURE DaTA ON CHROMIUM METHYLAMMONIUM. ALUM | 
| : (GARDNER AND Kurt!) | . 


PROPERTIES OF PARAMAGNETIC SALTS 


7,K | ssp | ore 


S/R T* T, °K S/R T* T, °K 
1.325 | 0.404 | 0.396 | 1.000 | 0.143 | 0.122 | 0.650 | 0.071 | 0.032 
1.300 | 0.336 | 0.326 | 0.950 | 0.132 | 0.109 | 0.600 |: 0.061 | 0.028 
1.250} 0.266 | 0.254 | 0.900 | 0.121 | 0.096 | 0.550 | 0.053 | 0.023 
1.200 | 0.224 | ©.210 | 0.850 | 0.111 | 0.077 | 0.500 | 0-051 | 0.020 
1.150; 0.196 | 0.180 | 0.800 | 0.102 | 0.065 | 0.450 | 0.051'| 0.018 
1.100} 0.175 | 0.157 | 0.750 | 0.092 | 0.048 | 0.400 | 0.052 | 0.016 
i 


0.039 


The results of Hudson and McLane are summarized in Table 4b-7. — 


TaBLE 4b-7. TEMPERATURE Data on CHROMIUM METHYLAMMONIUM ALUM 
: (Hupson anp McLane) 


H/T, \ina—syri rv |7,K) 2/7 tna gyri r* | rex 
gauss /deg : gauss /deg 
1,000 | 0.0180 | 0,724 | 0.719 4,000 0.1668 | 0.232 | 0.216 
1,250 |. 0.0242 | 0.624 | 0.618 4,500 0.2034 | 0.208 | 0.191 
1,500 0.0317 | 0.544 | 0.538 5,000 0.2422 | 0.189 | 0.170 
1,750 0.0404 | 0.482 | 0.474 6,000 0.3234 | 0.160 | 0.138 
2,000 | 0.0505 | 0.431 | 0.422 7,000 0.4064 | 0.138 | 0.114 
2,500 | 0.0739 | 0,355 | 0.344 8,000 0.4885 | 0.120 | 0.0938 
3,000 0.1013 | 0.302 | 0.289 9,000 0.5677 | 0.105 | 0.0763 
3,500 | 0.1325 | 0.262 | 0.248 | | 


a> 13.4 X10? Te ~0.02°K 


a T; assumed T: to be ~1.15°K (5) = 0.53 
; 7 _ : i. 7 : c R Te , 


4. Copper Potassium Sulfate. CuSO.-K2S0,-6H:0; gram-ionic weight, 442 ; den- 
sity = 2.22; For spectroscopic data, see copper sulfate. | - mee | 

Bleaney, Bowers, and Ingram! find that gy = 2.45, 9) = 2.14. Benzie and Cooke? 
obtain A/R = 6.0 X 10-* deg?, in agreement with that found by Garrett? from 
demagnetization experiments, and a Curie-Weiss A of 0.034 deg. De Klerk‘ has 
published demagnetization data for a powder specimen taking a g value of 2; he’ also 
gives some corresponding values of 7 and T *, T being measured via a potassium 
chromic alum thermometer. The Curie-Weiss A was found to be 0.052 deg and 
A/R = 6.8 X 10-4 deg*; thé contribution from magnetic interaction was calculated 
tobe 1.35 X10 _ as, ) 

Further demagnetization experiments by Steenland and others,5 in which g was 
taken to be 2.18, report approximate absolute-temperature measurements in the range 
0.0046 to 0.025°K [(S/R)r. = 0.46, H/T = 11.5 x 103, T. = 0.05°K]. The lowest 
values have been criticized by Daniels as being incompatible with the entropy and 
hyperfine structure. | | , acta e  Se et Rae ee 

: B. Bleaney, K. D. Bowers, and D. J. E. Ingram, Proc. Phys. Soc. (London), ser. A, 64, 
758 (1951). 7 ? ao wen ee eek fe 

2 R. J. Benzie and A. H. Cooke, Proc. Phys. Soc. (London), ser. A, 68, 201, 213 (1950). «: 

3C. G. B. Garrett, Proc. Roy. Soc. (London), ser. A, 203, 375 (1950). 7 

4D. de Klerk, Physica 12, 513 (1946). os ie et I 

’M. J. Steenland, D. de Klerk, J. A. Beun, and C. J. Gorter, Physica 17, 161 (1951). 
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The contribution of nuclear hyperfine structure to A/R has been found to be 
1.3 X 10-4 from demagnetization determinations,! 1.1 X 107+ from relaxation experi- 
ments,? and 1.40 X 10-4 from the resonance spectrum. 

Reekie‘ obtained a Curie constant of 0.445 emu/g ion for a powdered sample. 

5. Iron Ammonium Alum. Feo(SO.)s- (NH,)280424H.0O; gram-ionic weight, 482.2; 
density, 1.71; Fe** 3d5; ®Ss5. 

The free ion is in an s state and interaction with the crystalline electric field is abnor- 
mally small. The 6-fold degenerate level is split by a cubic field into a doublet 
and quadruplet. The measurements of Benzie and Cooke,® however, are more con- 
sistent with a splitting into three equally spaced doublets (and this has been confirmed 
by Meier‘); their value for the over-all splitting is 6/k = 0.23 deg (for the doublet- 
quadruplet pattern they calculate 5/k = 0.20 deg). A/R.= 0.0143 deg’. The g 
values are all 2 within less than 1 per cent.’? Cooke’ reports low-temperature 7* — T 
correlation, made by Kurti and Simon, given in graphical presentation; T. = 0. 042°K. 

The same oes for the region below 0.2°K, are summarized in Table Ab-8. 


Tasie 4b-8. TEMPERATURE Data on IRON “AMMONIUM ALUM 
(KuRTI AND Simon) 


Steenland? and others obtain 7’, = 0.030°K, (S/R)r, = 0.65, H/T = 11.5 X 10%. 
De Klerk? finds A/R = 0.0128 deg,? 5/k = 0.183 deg, and the data in Table 4b-9. 


TaBLE 4b-9. TEMPERATURE Data ON IRON AMMONIUM ALUM (DE KLERK) 


H, gauss T:,°K | Ts, °K In 6 — S/R | _ 


615 1.164 0.76 0.0071. 


825 | 1.164 | 0.62 0.0127 
1,055 | 1.172 | 0.51 0.0203 
1,260 | 1.173 | 0.44 0.0288 
2,180 | 1.162 | 0.269 0.0844 


1C. G. B. Garrett, Proc. Roy. Soc. (London), ser. A., 203, 375 (1950). 

2R. J. Benzie and A. H. Cooke, Nature 164, 837 (1949). . 

.3 A. Abragam and M. H. L. Pryce, Proc. Roy. Soc. (London), ser. A, 206, 164 (1951). 

4 J. Reekie, Proc. Roy. Soc. (London), ser. A, 173, 367 (1939). 

5 R. J. Benzie and A. H. Cooke, Proc. Phys. Soc. (éndons ser. A, 63, 213 (1950). 

6 P, H. E. Meier, Physica 17, 899 (1951). 

7 J. Ubbink, J. A. Poulis, and C. J. Gorter, Physica 17, 213 (1951); C. A. Whitmer and 
R. T. Weidner, Phys. Rev. 84, 159 (1951). 

8 A. H. Cooke, Proc. Phys. ‘Soc. (London), ser. A, 62, 269 (1949). 

9M. J. Steenland, D. de Klerk, M. L. Potters, and C. J. Oro Physica. 17; 149 eaxeGL): 

10 2, de Klerk, Thesis, p. 50, Leiden, 1948. 
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6. Gadolinium Sulfate. Gd2(SO,);-8H.O; gram-ionic weight, 373; density, 3.010; 
Gd3+; 4f7; 8S. 

Bleaney and others! report paramagnetic resonance experiments on gadolinium 
ethylsulfate and note that the spectrum is of the same nature in gadolinium sulfate. 
For the former, g is isotropic and equal to 1.993. 

A/R has been found from paramagnetic-relaxation measurements e.g., 0.28 (de Haas 
and du Pre?), 0.33 (Bijl*) and 0.382 (Benzie and Cooke‘). (By direct calorimetry in 
the liquid-helium range van Dijk and Auer® obtained 0.32.) 

Hebb and Purcell’s analysis® shows that the 8-fold ground level is split. by a cubic 
field into two doublets and a quadruplet. van Dijk’ ® finds that 5/k = 1.35 deg gives 
the best agreement with the published data. 

Giauque and MacDougall® used this substance for their first demagnetizations in 
1933, reaching a lowest 7'* of 0.24 deg. Van Dijk’ measured absolute temperatures 
calorimetrically down to T'* = 0.27 deg (T' = 0.22°K). 

-t. Manganese Ammonium Sulfate. MnS0O.-(NH,).S0.-6H.O; gram-ionie weight, 
391; density, 1.83; Mn*t; 3d5; 6S5. 7 

This is a Tutton salt similar to cobalt ammonium and copper potassium sulfates. 
The free ion is in an S state and the interaction with the crystalline electric field is 
very small. Resonance experiments!’ show unay g = 2.000 and is isotropic to ~1 
in 104. 

- Relaxation measurements show that A/R = 0.033 (Benzie and Cooke?!) aiid 0.034 
(Bijl*). 

Demagnetization experiments by Cooke and Hull" give A/R = 0.033, 7, = 0.14°K, 
(S/R)r, = 1.27, H/T = 6.2 X 10? gauss/deg. Steenland and others!* made absolute- 
temperature measurements in the region of and below 1, the latter pane found to be 
0.10°K. 

A surprisingly large hioarane structure is observed!° and has been cosa by 
Abragam and Pryce.'4 Contributions to A/R are: Stark splitting + hyperfine struc- 
ture 0.0154, dipole interaction 0.0092.. This leaves 0.009, which must be ascribed to 
exchange. 

8. Titanium Cesium Alum. Tie(SO,)3-Cs2S0,-24H.0; ance weight, 589; 
Ti3+; 3d'; *Dy. 7 ee 

The orbital triplet (with 2-fold spin degeneracy) is split into three Kramers doublets 
by the action of the trigonal component of the crystal field and spin-orbit coupling. 
The separations are only a few hundred em~}, At low temperatures, only one doublet 
is populated, with effective S = 4. Owing to the nearness of two higher states, the 
g value departs markedly from 2 and is anisotropic. 

Bogle and Cooke (unpublished) found g| = 1.25, 9) = 1.14. Benzie and Cooke 
find (for a powder): Curie constant, C = 0.118 emu per gion, g = 1.12 (and estimate 


1B. Bleaney, R. J. Elliott, H. E. D. Scovil, and R. 8. Trenam, Phil. nalag: 42, 1062 Geou: 

2 W. J. de Haas and F. K. du Pre, Physica 6, 705 (1939). 

3D. Bijl, Physica 16, 269 (1950). 

4R. J. Benzie and. A. H. Cooke, Proc. Phys. Soc. (London), ser. A, 63, 201, 213 (1950). 

> H. van Dijk and. W. V. Auer, Physica 9, 785 (1942). . 

6M. H. Hebb and E. M. Purcell, J. Chem: Phys. §, 338 (1937). 

7H. van Dijk, Physica 9, 729 (1942). 

8 H. van Dijk, Physica 371 (1946). 

*°W. F. Giauque and D. P. MacDougall, Phys. Rev. 43, 768 (1933). 

10 B, Bleaney and D. J. E. Ingram, Proc. Roy. Soc. (London); ser. A, 205, 336 (1951). 

11 R, J. Benzie and A. H. Cooke, Proc. Phys. Soc. (London), ser. A, 201, 213 (1950). 

2 A. H. Cooke, Proc. Phys. Soc. ee ser. A, 62, 269 (1949). 
13M. J. Steenland, L. C. van der Marel, D. de Klerk, and C. J. Gorter, Physica 15, 906 
1949). 

44 A. Abragam and M. H. L. Pryce, Proc. Roy. Soc. (London), ser. A, 205, 135 (1951). 

15 R. J. Benzie and A. H. Cooke, Proc. Roy. Soc. (London), ser. A, 209, 269 (1951). 
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gy. =-1.40, 91 = 0.96), A/C = 2.7 X 104 (+10 per cent), and henceA/R = 3.9 X 1075, 
Dilution experiments showed that nuclear hyperfine structure in the odd isotopes 
contributes 0.4 K 10°5 to A/R, and dipole interaction accounts for 0.3 X 107°. The 
balanee (3.2 X 1075) must be due to exchange. 

Poe ee mae ennon experiments! showed (S /R)p, = (. 29 for H / . - mm 2. 6 xX 
10? gauss/deg...— 

9. Cobalt ee ee Sulfate. CoS80,- (NH,) 80. 6H.0: gram-ionic weight, 395.2; 
density, 1.902; Cott; 3d7; 4Fs. 

Ina cubic field the 7-fold orbital state is split ats two triplets and a siciet with 
one triplet the lowest. This triplet, with its 4-fold spin degeneracy, is then split into 
a number of doublets by the combined effect of the spin-orbit coupling and a tetragonal 
or trigonal field. For the lowest doublet (effective S = 4) gi = 6.45, gy = 3.05.2 

There are two ions in unit cell, their tetragonal axes lying in the KK; plane and 
inclined at 33° to the K, axis, on opposite sides of it. Because of the anisotropy, C 
varies markedly for the K;, Ke, and K3 axes: Ci = . 00) C, = 0.873, and: ee m= 1. td 
emu per g ion. 

Garrett,’ taking gj = 6.2,.91) = 3.0, obtained 8 — T* —T as for fhe Ki, Ko, 
and K; axes. A /R = 4.30 x 10-3 deg?. The critical a is found to be 
0.084°K. 

Malaker‘ found 1. 61 x 10-3 for the nuclear cauecbusen to A/ R, ehithes is in ood 
agreement with the resonance-experiments value® of 1.66 X 107%. The dipolar con- 
tribution is 1.9 * 1073. 2. Bae 

10. Copper Sulfate. CuS0O,-5H20; ean ione WEITER) 249.7; mensHty, 2.279; oe 
39: 2Ds. 

_ Inia “able field: ‘he scbital levels spht cite an. upper islet and a lower doublet. In 
& siteteacoral or rhombic field the doublet is further split into two singlets. The latter 
are still spin-degenerate and, at low temperatures, effectively S: = 5. In this salt 
there is a considerable exchange interaction. The specific heat is rather complicated 
with a pronounced minimum at 1.37°K, a small anomaly at 0.75°K, and a further 
peas below 0.25°K®, 2% 

-- There are two: ions in unit. cell, the angle between their tetragonal axes. chet 
approximately 80 deg. Benzie and Cooke’ measures uhe PUSCED UDEIY. ia the 
ae ia AXIS Xa and a petpenoewe to it x. and found. 


7 0.407 i Eo 
xe= prog = x1 | 
x " F +06 eer sae | 


IN, Kurti, P. ieee and F. Simon, Compt. rend. 204, 675 (1937). 

2B. Bleaney and D. H. E. Ingram, Proc. Roy. Soc. (London), ser. A, 208, 143 (1951). 
-3C. G.'B. Garrett, Proc. Roy. Soc. (London), ser. A; 206, 242 Aro): 

48. F. Malaker, Phys. Rev. 84, 133 (1951). 

5 A. H. Cooke, H. J. Duffus, and W. P. Wolf, Phil. Mag. ra 4), 623 (1958)." 

¢T. H. Geballe and W. F. Giauque, J. Amer. Chem.' Soc. 74; 3513 (1952). 

7R. J. Benzie and A. H. Cooke, Proc. Phys. Soc. (London); ser. A; 64, 124 (1951). 


4c. Critical Constants > 


DAVID WHITE 


The Ohio State University 


Table Acct, which i is presented i in this section, was sennpiled fron the review article 
by K. A. abe and R. E. Lynn, Jr.,1 where references may be une: Kelvin temper- 
atures can be Gere atee: from the relation 


T°K = °C + 273.16 


TABLE 4c-1. CriricaL TEMPERATURE, PRESSURE, AND Dmnsiry OF ELEMENTS 
AND CompounpDs 


Inorganic: : 
Ammonia....... eer eee 
Argon........ a ee ee pes 


Carbonyl ieee sft de tried cede te 
Chlorine. Cee rae Sdalisueebete eee 


Cyanogen ee eee ee eee 
Deuterium (equilibrium) 
Deuterium (normal)........... | 
Dichlorodifluorosilane. ..... koe 


Hydrazone ee ee eee: Feast 
Hydrogen (equilibrium)... ... asa 
Hydrogen enka betes ards heel 
Hydrogen bromide.... se ae! 
Hydrogen chloride,............ 
Hydrogen cyanide. eee ee 


See page 4-23 for footnotes, 


1 Chem. Rev. 52, 117-236 (1953). 
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TABLE 4c-1. CriTIcAL TEMPERATURE, PRESSURE, AND DENSITY OF ELEMENTS 
AND COMPOUNDS (Continued) 


14°C P., atm pe, g/em3 
Hydrogen deuteride..........:.} —2387.25 14.65 0.0481 
Hydrogen fluoride............. 230.2 
Hydrogen iodide.............. 150.0 80.8 
Hydrogen selenide......... eee 138 88 
Hydrogen sulfide.............. 100.4 88.9 0.3488 
TOOING 2.3.36 gah ae 8 be ete 553 
KTV DtON is ob ett ao eae acess —63.77 54.27 | 0.9085 
INGON fee eed CA eee es ae —228.72 26.86 0.4835 
NIGICSCIG (nied dia oe wae es —92.9 . 64.6 0.52. 
INTRO GCM 2 oe olde eee ha dns AG Se —146.9 33.54 | 0.3110 
Nitrogen peroxide............. 158 100. 0.56 
Nitrous oxide..........:...... 36.5 — 71.65 0.459 
ORV SOD oa eid oe oak Ae dene des —118.38 50.14 0.41 
Oxygen fluoride*.............. —58.0 48.9 0.553 
O70Ne (25. oo Sok Beene awe! 12.1 54.6 
Phos genes o255 5 2 oats vandwe ew ses 182 56 0.52 
PhHoOsphines dic aad 2a dae hess 51.3 64.5 
Phosphonium chloride.......... 49.1 72.7 
BUANG wacce eo eied Saeed does —3.5 47.8 
Silicon tetrachloride............ 233 .6 
Silicon tetrafluoride............ —14.15 36.66 | 
Stannic chloride .............. 318.7 36.95 0.7419 
ULM hd Ae Ce eneha sama d 1040 116 _ 
Sulfur dioxide................. 157.5 77.79 0.524 
Sulfur hexafluoride............. 45.55 37.11 | 0.7517 
Sulfur trioxide................ 218.2 83.8 0.633 
Trichlorofluorosilane........... 165.26 35.33 
Uranium hexafluoride.......... 230.2 45.5 | 
W Sb l ese nsee ee ole tee oes 374.2 218.3 0.326 
DCI OM ccticcteetg mah its Panett, 16.590 58.0 1.105 
Organic: - 
ACCUIE ACNE 4 oo heehee hare ds 321.6 57.1 0.351 
Acetic anhydride............ ie 296 46.2 | 
Acetone: ..............-..0005 235.5 46.6 0.273 — 
Acetylene..............000005. 36.3 61.6 0.231 — 
Benzene.............000 0 eee 289 .5 48.6 0.300 
Bromobenzene................ 397 .7 44.6 0.458 
M=BULANE 28 2s oe 2 as oe we hs ee es 152.01 37.47 0.228 
Te Bui tenGis a cic ctote ya eae es 146.4 39.7 0.234 
Carbon tetrachloride........... 283 .2 44.97 0.558 
Chlorobenzene..............-. 359.2 44.6 0.365 
Chlorodifluoromethane......... 96.4 48.48 0.525 
Chloroform...............005. 263 . 4 54 0.496 
Chlorotrifluoromethane......... 28.86 38.2 0.578 
Cyclohexane.................. 281.0 40.57 0.273 
Cyclopentane...............-. 238.6 — 44.55 0.27 


See page 4-23 for footnotes, 
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TaBLE 4c-1. CriTicAL TEMPERATURE, PRESSURE, AND DENsItTy or ELEMENTS 
AND ComMpPpouNDs (Concluded) 


te, °C P., atm Pe, /em? 

Dibromomethane.............. 309.8 70.6 
Dichlorodifluoromethane....... 111.5 39.6 0.555 
Dichlorofluoromethane......... 178.5 51.0 0.522 
Diethyl ether................. 194.6 | 35.6 0.265 
Dimethyl amine............... 164.5 52.4 
Dimethyl ether............ ene 126.9 52.6 0.246 
TOCHAING 2 o.5 iad: eae inet asa Sb alin 32.27 48.20 0.203 

- Ethyl alcohol. . 2.2.00 .02..000.07° 243 000 63.0 — 0.276 
Ethyl amine.................. 183 .2 55.54 

Ethyl bromide................ 230.7 61.5 — 0.507 
Ethyl chloride................. 187.2 61.72 
Ethyl fluoride.................] = 102.16 46.62 
Ethyl formate................ ? 235.3 46.8 0.323 © 
Ethyl sulfide............... al 22520 54.2 0.300 
Ethylene......... Ce ee ee ~ 9.90 50.50 | 0.227 
Ethylene oxide...... nee ree | 195.8 70.97 | 0.32 
Fluorobenzene................ 286.55 44.6 0.354 
n-Hexane................0005. 234.7 29 .94 0.234 
Jodobenzene........,......... 448 44.6 0.581 
Methanes 2 ok ood eek ees —82.1 — 45.80 0.162 
Methyl alcohol................ 240.0 78.47 0.272 
Methyl amine............... Ms 156.9 73.6 
Methyl bromide..... eel econ wef 191 | : 
Methyl chloride...... Sent dearbeaas ~ 1438.12 65.93 | 0.353 — 
Methyl fluoride............... 44.55 58.0 0.300 
Methyl formate............... 214.0 59.2 © 0:349 
Methyl iodide................ | «255 | 

Methyl sulfide... ............ 7 229.9 54.6 0.309 
Methylene chloride... ... SMeveal: 237.0 59.97 
Nitromethane............ ee G228 i ee: 0.352 
n-Pentane..... oer ii hae Bad 196.62 33.31 0.232. 
Phenol................ Seen er 419.2 60.5 
Propanies 664: 5 vo.Fa ya oe eee ‘ 96.80 42.01 |. 0.220 
Propene..... te io tas hat eG 91.8 45.6 0.233 
n-Propyl alcohol.......... snot 264.1 50.2 0.273 
PYOp yes csnd in ooo eee 128 52.8 
Toluene..................0005 ' 320.8 41.6 0.29 
Trichlorofluoromethane......... 198.0 43.2 0.554 


\ 


*R. Anderson, J. G. Schnizlein, R. C. Toole, and T. D. O’Brien, J. Phys. Chem. 56, 473-474 (1952). 
t A. C. Jenkins and C. M. Birdsall, J. Chem. Phys. 20, 1158-1161 (1952). 


4d. High-pressure Effects _ a 


_P. W. BRIDGMAN | 
Harvard University — 


Critical phenomena and data for gases are not treated here but will be found in 
other sections. The literature dealing with the effects of pressure on liquids and 
solids is very extensive, and only a typical selection can be attempted. The data 
presented here have been selected to cover as wide a range as possible, both of pressure 
and of the nature of the material. _ References to the general subject are: 


Bridgman, P. W.: “The Physics of High,Pressure,”’ George Bell & Sons, Ltd.; London, 
1949. en oo | | | 

Bridgman, P. W.: Recent Work in the Field of High Pressures, Rev. Modern Phys. 18, 
1-93 (1946). 7 i eG | 

Timmermans, J.: ‘Les Constantes physiques des composés organique cristallises,”’ 
Masson et Cie, Paris, 1953. | Ps : 


In the following, single phases are treated first, and then systems of two phases. 
The data for single-phase systems consist mostly of volume as a function of pressure, 
at several temperatures when the data have been determined, but in a number of cases 
at only a single temperature. From these data, compressibilities may be found and 
also thermal expansions if the volumes are known for more than one temperature. 
Other. thermodynamic parameters, such as specific heats, have been directly deter- 
mined as a function of pressure in very few cases and have to be inferred from the 
volume relations by indirect methods. No attempt is made here to give any of these 
values. aa | | eat 

For the two-phase systems, the melting curves are given first, including, when 
known, the other parameters necessary to completely characterize the melting thermo- 
dynamically; these are change of volume and latent heat. Finally, the transition 
parameters for a few systems exhibiting polymorphism under pressure are given. The 
phase diagrams of these substances are also given for greater clarity. In most cases 
the various transition lines are sufficiently characterized by the parameters at the 
triple points, which are indicated in the tables. 7 
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* TasiE 4d-1. Speciric VoLuME or WaTER* 
(In cm*/g; in the range 200 to 1000°C and 100 to 2,500 bars) - 


Pressure, bars 


Temp., 

: 100 200 500 1,000 | 1,500 | 2,000 |. 2,500 
200 1.14830 | 1.13899 | 1.1145 | 1.0811 | 1.0533 | 1.0258 | 1.0027 
300 1.39704 | 1.35992 |. 1.2869 | 1.2131 | 1.1639 | 1.1257 | 1.0946 
400 | 26.31 | 9.96 | 1.745 | 1.4443 | 1.3284 | 1.2591 | 1.2092 

600) | 32.35 | 14.77. 3.890 | 1.8794 | 1.5653 | 1.4402 |. 1.3566 
600 | 87.78 | 18.11 — 6.114 | 2.6802 | 1.9496 | 1.6630 | 1.5252 
700 | 42.517 | 20.973 | 7.7651 | 3.5829 | 2.449 | 1.980 | 1.7346 
800 =| 46.082 | 23.391 | 9.0925 | 4.4338 | 2.994 | 2.350 | 2.000 
900 | 49.54 =| 25.74 | 10.28 | 5.208 | 3.531 | 2.738 | 2.296 
1000 | 52.90 | 27.84 . | 11.30 | 5.900 | 4,035 | 3.123 | 2.589 


*G. C. Kennedy, Am. J. Sct. 248, 540 (1950). 


: Tasip 4d-2. Spucirtc Votume or Water* 
(In cm*/g; between 0 and 95°C and up to 11,000 kg/cm?) 


oe ee Temp., °C - 
_ Pressure, 
kg/cm? 0 50 95. 
1 | 1.0001 | 1.0121 | 1.0396 
5600 | 0.9772 | | 

1,000 | 0.9568 | 0.9742 | 0.9985 
1,500 | 0.9397 | (0.9583 0.9813 
2,000 | 0.9249 0.9440 | 0.9662 
3,000 | 0.8997 0.9202 | 0.9410 
4,000 | 0.8796 0.8998 | 0.9195 _ 
5,000 | 0.8627 | 0.8825 | 0.9010 
6,000 | ...... 0.8669 0.8850 
7,000°}. ...... 0.8531. | 0.8706 
8,000 | ......:'| 0.8408 | 0.8578 
9,000 | ...... . 0.8297 0.8462 
10,000 | ...... 0.8193 | 0.8353-— 
LL 000: 7) etacouer 8h ecae, | 0.8257 


*P. W. Bridgman, Proce. Am. Acad. Arts Sei. 66,.185 (1931). . 
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Tasie 4d-3. Revative Votumes oF Mercury, Erayt ALCOHOL, AND 
Eruyt EtHer at SEVERAL TEMPERATURES* 
(To 12,000 kg/cm?. Relative volumes in terms of volume at 0°C and | 
atmospheric pressure) 


Ethyl ether 


Mercury Ethyl] alcohol 

Pressure — as! 

me/cmn oc | 22°C | 20°C | 50°C | so°c | 20°C | 50°C | 80°C 
1 1.00000 | 1.00398 | 1.0212] 1.0557 | 1.0934| 1.0315 

500 =| ........ EU ecatnsttt 0.9794] 1.0044 | 1.0334; 0.9681 | 1.0011) 1.0387 
1,000 | 0.99626 | 1.00007 | 0.9506 | 0.9707 | 0.9944 | 0.9363 | 0.9616 | 0.9906 
1800) focused rs eee 0.9267 | 0.9440 | 0.9640 | 0.9093 | 0.9291 | 0.9516 
2,000 0.99261 | 0.99627 | 0.9081 | 0.9235 | 0.9407 | 0.8871 | 0.9038 | 0.9223 
3,000 0.98905 | 0.99264 | 0.8786 | 0.8919 | 0.9055 | 0.8530 | 0.8670 | 0.8812 
4,000 | 0.98561 | 0.98909 | 0.8545 | 0.8668 | 0.8787 | 0.8275 | 0.8400 | 0.8552 
5,000 =| 0.98231 | 0.98571 | 0.8343 | 0.8461 | 0.8568 | 0.8071 | 0.8186 0.8284 
6,000 0.97914 | 0.98246 | 0.8178 | 0.8291 | 0.8387 | 0.7916 | 0.8023 | 0.8112 
7,000 0.97607 | 0.97934 | 0.8038 | 0.8142 | 0.8229 | 0.7773 | 0.7869 | 0.7953 
8,000 |....... 0.97637 | 0.7917 | 0.8013 | 0.8094 | 0.7645 | 0.7732 | 0.7813 
9,000 |....... 0.97356 | 0.7807 | 0.7893 | 0.7973 0.7525 | 0.7606 | 0.7687 
10,000 |....... 0.97088 | 0.7703 | 0.7785 | 0.7863.|.0.7418 | 0.7496 | 0.7574 
11,000 |....... 0.96835 | 0.7606 | 0.7693 | 0.7765 | 0.7312 | 0.7388 | 0.7469 
12,000 |....... 0.96596 | 0.7521 | 0.7600 | 0.7682 | 0.7216 | 0.7289 | 0.7365 


* P, W. Bridgman, Proc. Am. Acad. Arts Sci. 47, 347 (1911) (mercury); 49, 1 (1913) (ethyl alcohol, 
ethyl ether). , 


TaBLE 4d-4. RELATIVE VOLUMES OF CS. AND n-PENTANE AT 
SEVERAL TEMPERATURES* _ 
(To 12,000 kg/cm. Relative volumes in terms of volume at 0°C and 
atmospheric pressure) 


7 “ ‘ 7 if — —— — 


~ CS, n-Pentane 
Pressure, eo, 
ees 20°C 50°C 80°C orc |. 50°C 95°C 
1 1.0235 | 1.0630 | 1.1092 | 1.0000 | (1.0837) | (1.1869) 
500 | 0.9865 | 1.0158 | 1.0473 le 
1,000 | 0.9586 | 0.9829 | 1.0083 | 0.9021 | 0.9395 | 0.9768 
1,500 | 0.9358 | 0.9571 | 0.9787 bode 
2,000 | 0.9173 | 0.9362 | 0.9552 | 0.8546 | 0.8820 | 0.9078 
3,000 | 0.8877 | 0.9033 | 0.9185 | 0.8229 | 0.8454 | 0.8671 
4,000 | 0.8647 | 0.8770 | 0.8902 | 0.7997 | 0.8193 | 0.8371 
5,000 | 0.8453 | 0.8570 | 0.8676 | 0.7811 | 0.7985 | 0.8125 
6,000 | 0.8295 | 0.8406 | 0.8501 | 0.7647 | 0.7807 | 0.7933 
7,000 | 0.8147 | 0.8257 | 0.8347 | 0.7506 | 0.7657 | 0.7775 
8,000 | 0.8022 | 0.8131 | 0.8220 | 0.7381 | 0.7520 | 0.7641 
9,000 | 0.7911 | 0.8020 | 0.8107 | 0.7281 | 0.7409 | 0.7527 
10,000 | 0.7805 | 0.7910 | 0.7997 | 0.7192 | 0.7316 | 0.7433 
11,000 | 0.7715 | 0.7809 | 0.7894 
12,000 | 0.7638 | 0.7710 | 0.7795 


* P, W. Bridgman, Proc. Am. Acad. Arts Sci. 49, 1, (1913) (CS2); 66, 185 (1931) (n-pentane). 
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TaBLE 4d-5. RELATIVE: VoLUMES OF n-OCTANE, BENZENE,. AND GLYCERINE AT 

SEVERAL TEMPERATURES* 

Relative volumes in terms of volume at 0°C and 
atmospheric pressure) 


(To 12,000 kg/cm?. 


| n-Octane Benzene, CeHe Glycerine 
Pressure, | 
kg/em* | osc | soc | 95°C | 50°C | 95°C | O°C | 50°C | 95°C 
ae | 1.0000 | 1.0595 | 1.1230} 1.0630 | 1.1295 | 1.0000 | 1.0266 
600. 0.9572 | 1.0005; ...... 1.0160] ...... 0.9900] 1.0136 
1,000 —|-0.9311 | 0.9654 | 0.9943 | 0.9841 | 1.0201 | 0.9806 | 1.0025 | 1.0240 
BOOM ig oui eae xan Ree and as dame Seance 0.9591 |.0.9916 | 0.9721 | 0.9930 | 1.0125 
2,000 0.8924 | 0.9200 | 0.9422) ...... 0.9684 | 0.9641 | 0.9843 | 1.0024 
3,000 0.8640 | 0.8882] 0.9068] ...... 0.9325} 0.9501 | 0.9688 | 0.9853 
4,000 |...... 0.8639 | 0.8802) ......)...... 0.9373 | 0.9548 | 0.9700 
5,000 |...... 0.8428} 0.8592| ......]...... 0.9264 | 0.9423 | 0.9565 
6,000 | ...... | 0.8251] 0.8416) ......]...... 0.9157 | 0.9310 | 0.9447 
7,000 |...... 0.8103 | 0.8267) ......]...... 0.9057 | 0.9211] 0.9342 
eG O00: Clie. 8 ant We eos O.8134 | 260 one tetas 0.8958 | 0.9121 | 0.9244 
9,000 |......]...... O-8014 | ceases lowes 0.8867 | 0.9036 | 0.9152, 
TO;000-  Aoeedie ess) Sa sens O2791 5 lca hawt oe 0.8783 | 0.8955 | 0.9070 
I 000) 89 ak este etree [ae Pe ee ees eee 0.8712} 0.8879 | 0.8994 
12.000 |. oe pe oa ate eS, LOS ee aS 0.8648 | 0.8800; 0.8925 


* P, W. Bridgman, Proc. Am. Acad. Arts Sci. 66, 185 (1931) (n-octane benzene) ;'67, 1 (1932) (glyc- 
erine). a 


TABLE 4d-6. VoLUME OF So.Lip Heuium aT 0°K* 


Pressure, | Volume, | Compressibility — 
kg/cm? ml/mole (1/v)(0v/dp), 
52 19.0 184 X 1075 
91 18.0 135 
141 17.0 100 
207 | 16.0 73 
305 15.0 52 
475 14.0. 37 
718 13.0 25 
1,105 12.0 16 
1,715 11.0 12 
2,240 10.5 10 


* J. S. Dugdale and F, E, Simon, Proc. Roy. Soc. (London) 218, 291 (1953). 


HEAT 


' Tasue 4d-7.. FractionaL CHANGE OF VOLUME aT 25°C: or RELATIVELY. - 
INCOMPRESSIBLE METaAts* 


Pressure, 
k 2 | | 
en W Pt Fe Cu Ag Au | Al 
~~ 5,000. 0.00155 | 0.00176 0.00289 |:0.00353 | 0.00473 | 0.00281 | 0.00668 
10,000 0.00309 | 0.00351 /0.00575 | 0.00696 | 0.00938 | 0.00558 | 0.01312 
15,000 0.00475 | 0.00526 |0.00856 | 0.01039 | 0.01385 | 0.00831 | 0.01932 
20,000 0.00634 | 0.00701 (0.01133 | 0.01370 | 0.01820 | 0.01101 | 0.02520 
~ "25,000 =| 0.00797 | 0.00877 |0.01407 | 0.01695 | 0.02236 |'0.013671 0.03090 
“30,000 0.02619 


0.00959 | 0.01048 |0.01676 | 0.02010 0.01626 | 0.03642 


'* P, W. Bridgman, Proc. Am. Acad. Arts Set. 77, 187 (1949). 


_. , Taste 4d-8. Recative Votumzs or Various Sons at 25°C*. 


* P. W. Bridgman, Proc. Am. Acad. Arts Sci. 76, 71 (1948). 


_ Pressure, © Cellulose nad Hard | Nylon 
kg/cm? acetate ane rubber | 6-10 Poroclase 
Bonet eel 2 - 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 

- 2,500... | Q. -, 0.95382 | 0.9760 | 0.9684 | 0.9615 ietha. 258 
6,000 0.9216 | 0.9562 | 0.9390 | 0.9345 | | 
10,000 0.8811 | 0.9240 | 0.8955 | 0.8940 0.9829 
15,000 0.8514 | 0.8978 | 0.8655 | 0.8652 
20 , 000 0.8283 | 0.8765 | 0.8427 | 0.8430 0.9667 
30 , 000 0.7935 | 0.8436 | 0.8083 | 0.8100 | 0.9512 
40,000 0.7682 | 0.8188 | 0.7834 | 0.7861 0.9366 
Pressure, : | Urea Potassium | Potassium 
kg/cm? Calcite Garnet | Iodoform nitrate. | phosphate ake 
1 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
Bi QO0! 3} Oceeeek | gedwted 0.9451 0.9628 0.9821 0.9718 
10,000 0.9866 0.9929 0.9079 0.9358 0.9665 0.9486 
15,000 if a ire ee 0.8806 0.9145 0.9526 0.9296 
20 , 000 0.9275 0.9862 | 0.8586 0.8966 0.9401 0.9131 
30 , 000 0.9113 0.9800 0.8241 0.8669 0.9183 0.8843 
40 ,000 A, 0.7966 0.8431 0.9004 0.8607 
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TaBLE 4d-9. RELATIVE’ VOLUMEs OF SOME OF THE MorE COMPRESSIBLE KLEMENTS, 
ae Satts, AnD OTHER Souips at 25°C* 


Pressure, Li Na K Rb Cs Ca Cr Ba C 
kg/cm? : i | 


ee ec a | ce ec eemene, | ne erence, | ee AA SS, 


1 | 1.000] 1.000] 1.000| 1.000} 1.000 |1.000 |1.000 |1.000 | 1.000 
10,000 | 0.928] 0.889 | 0.814] 0.802/0.761 |0.942 [0.925 |0.914, 
20,000 | 0.874/ 0.816 | 0.723 | 0.708 | 0.656, |0.897 | 0.878 10.841, 
30,000 | 0.833] 0.770| 0.668 | 0.652/0.571 |0.861 |0.828 |0.789 | 0.940 
40,000 | 0.801 | 0.737 | 0.628 | 0.612] 0.521, |0.832 |0.791 |0.747 | 0.929 
50,000. | 0.773] 0.708 | 0.595 | 0.578| 0.431 | 0.805 |0.761 | 0.712, | 0.919 
60,000 | 0.748} 0.683 | 0.568] 0.551/0.409 [0.780 |0.734, |0.682 | 0.911 
70,000 |0.727| 0.661 | 0.546 | 0.528/0.392 | 0.748 |0.702 |0.639 | 0.903 
80,000 | 0.707 | 0.641 | 0.528] 0.507|0.381 | 0.732 |0.683 |0.618 | 0.896 
90,000 | 0.689] 0.623 | 0.513) 0.489|0.375 |0.716 |0.665 |0.598 | 0.890 
100,000 | 0.672] 0.606 | 0.500 | 0.473| 0.368 |0.702 | 0.648 /0. 0.885 


* P, W. Bridgman, Proc. Am. Acad, Arts Sci. 76, 55, 71 (1948); 74, 425 (1942). 


TABLE 4d-10. RELATIVE VOLUMES OF SOLIDS aT 25°C* 


Pressure; | wg | Sn | Pb | Bi | S |NaCl| NaI | CsCl | CsI. 


ns, ne | fe J | | sf | a 


1 . | 1.000] 1.000) 1.000).1.000 | 1.000; 1.000; 1.000 | 1.000 | 1.000 
10,000 |.....|0.982/0.978|0.972 |0.917/0.962| 0.944 | 0.952 | 0.935 
20,000 +. | 0.966 | 0.959 | 0.948 | 0.869) 0 932} 0.902 | 0.914 | 0.887 
30 , 000 0.935 | 0.951 | 0.941|}0.842 | 0.837/0.907| 0.868 | 0.882. | 0.849 
40,000 | 0.919} 0.936 | 0.925/ 0.826, | 0.812) 0.885] 0.840. 0.856 | 0.818 
50 ,000 0.904 | 0.923 | 0.901/0.808 | 0.792|0.865; 0.816 | 0.834 | 0.792 
60 , 000 0.890 | 0.909 | 0.898/ 0.795, | 0.775 | 0.848) 0 795 | 0.816 | 0.770 
70,000 0.878 | 0.897 | 0.885/0.778 | 0.760) 0.832] 0.777 | 0.801 | 0.751 
80 ,000 0.866 | 0.886 | 0.874|0.768 | 0.747)|0.817| 0.761 | 0.788 | 0.734 
90.,000 0.856 0.875 | 0.864 | 0.760, | 0.736 | 0.808 0.747 | 0.777._| 0.719 
100 ,000 0.847 | 0.864 | 0.855 | 0.739 | 0.726)0.790| 0.734 | 0.767 | 0.706 

I 
cua NaNO, PbS PbTe Quartz Quartz Pyrex 
g/cm? ee ae : : crystal - glass _ glass 

1 1.000 1.000 1.000 | 1.000 1.000 — 1.000 
10,000 0.966 0.980 0.978 0.976 0.970 0.969 
20, 000 0.938 0. 962 0.961 0.955 0.939 0.938 
30,000 0.914 0.928 0.939 0.939 0.909 0.907 
40 ,000 0.893 0.918 0.930 0.926 0.885 0.885 
50,000 0.873 0.909 0.884 0.914 0.864 0.867 
60 , 000 0.846 0.900 0.869 0.902 0.847 0.851 
70,000 0.833 0.892 0.855 0.892 0.832 0.838 
80,000 0.820 0.886 0.842 0.883 0.819 0.827 
90 , 000 0.809 0.881 0.831 0.875 0.808 0.817 

100 , 000 0.799 0.876 0.820 0.868 0.798 0.809 


*P, W. Bridgman, Proc. Am, Acad. Arts Sci. 76, 55. 71 (1948); 74, 425 (1942). 
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TABLE 4d-11. Mr.ttineg or HyprRoGEN anv: Heiium* | 


Helium 
Temp., py croeen Entropies, Volumes, 
. pressure, 
K : Pressure cal/mole deg ~ ml/mole 
kg/cm? d 
kg/cm? : 3 
a” Solid Fluid Solid Fluid 
a ae ree 196 0.23 1.70 16.21 | 17.14 | 
TO: . wade 595 0.48 2.00 13.45 14.13 | 
15 4 1,150 0.66 2.26 12.08 12.65 
20 213 1,800 0.86 2.54 11.10 11.61 ; 
— 25 438 2,540 1.04 | 2.82 10.25 10.72 


* F, Simon, Z. Elektrochem. 35, 618 (1929); F. Simon, M. Ruhemann, and W. A. M. Edwards, Z. 
physik. Chem. 5, 331 (1930); J. S. Dugdale and F. E. Simon, Proc. Roy. Soc. (London) 218, 291 (1953). ~ 


TABLE 4d-12. MELTING PARAMETERS OF NITROGEN AND ARGON* 


Nitrogen _ Argon 
Pressure, |__| —————— oo 
kg/cm? Temp., AV, Latent heat,| Temp., AV, Latent heat, 
| °K em3/g kg em/g °K — em3/g kg cm/g 
1 63.1 (0.072) (218) 83.9 0.0795 — 280 
1,000 82.3 0.058 271 106.3 0.0555 280 
2,000 98.6 0.047 | 302 — 126.4 0.0425 — 279 
3,000 113.0. 0.040 334 144.9 0.0340 277 
4,000 125.8 0.033 335 162.0 0.0280 275 
5,000 137.8 0.029 342 178.0 0.0240 276 
6,000 149.2 0.026 346 193.1 0.0210 (~ 277 


* P, W. Bridgman, Phys. Rev. 46, 930 (1934). 
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Taste 4d-14. Transtrion PARAMETERS OF WATER AND IcE (See also Fig. 4d-1) 


Pressure, 


kg/cm? | 


1 
1,130 
2,115 


2,115 
2,170 


2,115 
3,530 


2,170 
1,794 


2,170 
3,510 


3,530 
6,380 


3,530 
3,510 


3,510 
4,200 


6,380 
6,365 


6,380 
10,590 
16,000 
22,400 


22, 400 
28 , 000 
34,000 
40 , 000 


| 


| 


Temp., °C 


0 
—10.0 
— 22.0 


—22.0 
—34.7 


— 22.0 
—17.0 


—34.7 
—75.0 


—34.7 
—24.3 


—17.0 
—24.3 


—24.3 
—34.0 


+0.16 
— 20 


+0.16 
30.0 
57.2 
81.6 


81.6 
124.1 
161.1 
192.3 


HEAT 


I-liquid 


0.0900 
0.1122 
0.1352 


I-III 


0.1818 
0.1963 


Liquid-III 


0.0466 
0.0241 


I-II 
| 0.2178 


0.2146 
II-III 


0.0215 
0.0145 


Liquid-V 
0.0788 
0.0527 

III-V 


0.0547 
0.0546 


II-V 


0.0401 
0.0401 


V-VI 
0.0389 
0.0381 
Liquid-V 
0.0916 
0.0663 


0.0478 
0.0330 


VI-VII 


0.0567 
0.0573 
0.0580 


Liquid-VII 


0.0910 
0.0817 
0.0738 
0.0674 


AV, cm3/g 


Latent heat, 
kg cm/g 


3,410 
2,900 
2,390 


220 
90 


—2,170 
—2,620 


— 430 
— 380 


— 520 
—720 


—2,660 
—2,990 


— 40 
— 40 


680 
660 


—10 
—10 


—3,000 
—3,360 
—3,430 
—3,610 


— 290 
— 60 
0 


—3,610 
—4 840 
—5, 650 
—6, 550 
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HIGH PRESSURE EFFECTS 


I. ‘SYNLVYSdW3L 


PRESSURE, THOUSANDS OF Kg/cm? 
Fia. 4d-1. Phase diagram of water. 


4-36 Sn. oo SB ATOTe, 


TaBuEe 4d-15. TRANSITION PARAMETERS OF Bismutu (See also Fig. 4d-2) 


Pressure, , z | : Latent heat, | Triple 
kg/cm? sie: os eae kg cm /g point 
. I-Liquid | 
1 271.0 0.00345 —549 
10,000 228.8 0.00419 —416 | 
17,300 183.0 0.0045 —310 T.P. 
7 | 1-II } 
17,300 183.0 0.0047 110 T.P. 
32,300 —110 0.0043 36 T.P 
II-III | 
22,400 185 0.0029 | 45 TP. 
32,300 —110 0.0025 14 T.P 
Liquid-II (calculated) | 
17,300 183 0.0002 — 200 T.P. 
22,400 185 0.0002 — 200 TPS 
Liquid-III (calculated) aa 
22,400 | 185 | 0.0031 pes9 55). + 3 AOE Ps 
(Ce IlI-IV ee 
43,000 ~100 | 0.0008 (?) Ot). 2 
+50 


45 ,000 0.0004 (?) 07). 
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10,000 20,000 30,000 40,000 $0,000 
PRESSURE, kg/cm? 
Fig. 4d-2. Phase diagram of bismuth. 
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TABLE 4d-16. TRANSITION PARAMETERS OF URETHANE (C;H;NO,) 
| ' (See also Fig. 4d-3) _ | 


Pressure, |,, sg 3/,,| Latent heat, Triple 
kg/cm? Temp., °C) AV, cm*/g kg em/g point 
Liquid-I __ 
1 47.9 0.0599 —1,740 
2,350 66.2 0.0253 ‘| —1,620 T.P. 
| | I-II 
2,350 66.2 0.0102 90 T.P. 
3,400 25.5 0.0092 70 T.P. 
| Liquid-II - 
2,350 66.2 0.0355 | —1,530 T.P. 
4,230 76.8 0.0184 |. .—1,470 TP. 
Liquid-III 
4 230 76.8 0.0640 —1\730 T.P. 
8,000 119.0 0.0500 | —1,950 
12,000 156.7 | 0.0378 —1,830 
eS wanes aie 
4,230 76.8 | 0.0456 | . .—260 | T.P. 
0.0482 —235 TP. 


8,400 | 25.5— 


ia 
ai 


TEMPERATURE, °C 


fe) 2 3 4 #5 6 7 8 9 Co | re 2 
PRESSURE. 10° kqa/cm® 
Fia, 4d-3. Phase diagram of urethane. 
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Taspie 4d-17. TRANSITION PARAMETERS OF THALLIUM (See also Fig. 4d-4) 


rer rummy] ays omie [aun] eb 
II-I 
1 907 | 0.00004 (?) 
39 , 000 153 | 0.00024 41.7 TP. 
II-III ae 
og 153 | 0.00053 _ 2.7 
43,000 | —100 | 0.00039 1.1 T.P 
LIII (calculated) a 
39 000 | 153 | 0.00029 —39.0 T.P. 


10,000 30,000 50,000 


| PRESSURE, kg/cm? 
Fie. 4d-4. Phase diagram of thallium. 
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4e. Heat Capacities 
G. T. FURUKAWA 
The National Bureau of Standards 


T. B. DOUGLAS 


The National Bureau of Standards 
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4-44 -. HEAT 
The contribution to the molar heat capacity at constant volume C, of a a sone due to 
lattice vibrations 1 is given by Debye’s equation 
_ jh e/T 3 dy 6/T | 
c, = ak| 12(Z)'f, es (4e-1) 


ey — 1 


where R is the universal gas constant and 0 is the Debye temperature. Values of C, 
for many different values of 6/T are given in Table 4e-3. The molar internal energy 


_Eof a solid due to lattice vibrations is equal to i C,dT. Values of H/T as a func- 
tion of 0/T-are given in Table 4e-4. The molar entropy S of a solid due to lattice 
vibrations is equal to i : (C,/T) dT. Values of 8 as a function of 6/ T are given in 
Table 4e-5. 


TABLE 4e-3. VALUES OF THE DzpyE C, as A Function or 0/T* 


a 0.0 | 01 | 02 | 03 | 04 | 05 | 06 | 07 | o8 | 09 
0 5.95515.95 |5.94 15.93 [5.91 |5.88 15.85 15.81 | 5.77 | 5.72 
1 5.670/5.61 |5.55 |5.48 |5.41 |5.34 |5.26 |5.18 | 5.09 | 5.01 
2 4.918/4.83 [4.74 [4.64 [4.54 14.45 | 4.85 |4.25 [4.15 | 4.05 
3 3.948/3.85 |3.75 |3.65 |3.56 13.46 |3.36 13.27 | 3.18 | 3.09 
4 2.996|2.91 | 2.82 |2.74 |2.65 | 2.57 |2.50 |2.42 |2.34 | 2.27 
5 2.197/2.13 |2.06 | 1.99 |1.93 |1.87 [1.81 [1.75 |1.69 | 1.63 
«6 1.582) 1.53 |1.48 | 1.48 | 1.39 | 1.34 |1.30 |1.26 |1.21 | 1.18 
7 1.137| 1.100} 1.065 | 1.031 | 0.998 | 0.966 | 0.935 | 0.906 | 0.878 | 0.850 
8 | 0.823] 0.798] 0.774] 0.750 | 0.727 | 0.704 | 0.683 | 0.662 | 0.642 | 0.623 
9 0.604 | 0.588 | 0.570 | 0.552 | 0.537 | 0.521 | 0.507 | 0.492 | 0.478] 0.465 

0. 0.439 | 0 0 0 0 0. 0 0. 0.3. 

0. 0. 0 0 0 0 0. 0 0. 0. 

0.267 | 0. 0 0 0 0 0. 0 /0. 0. 

0. 0. 0 0 0 0.188} 0. 0 0.176/ 0. 

0. 0. 0 0 0 0 0. 0 0. 0. 

0. 0. 0 0.130| 0 0 0. 0 0. 0. 


EE 5S | en, a | (neem 


* From “‘ Handbuch der Physik,’’ vol. 10, p. 367. 
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pp 
TaBLE 4e-4.: VALUES OF 7 = af, C,dT as a Function or 0/T * 
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WCONAMRWNHOKHMNRARWNY eH 


h3| OD 


a rmnrmrnnene | wmunmmaareeinmenenmmennars | eresmncmceecney | ae ene | ares nee fis a 


{5.955 |5.7330/5.5195/5.3122/5. 1100/4. 9130/4.7220)/4.5364/4.3578/4. 1862 
\4.0168)3 . 8536/3 . 6951/3 . 5450/3 .3991|3 . 2592/3 . 1229/2 . 9920/2 . 8640/2. 7395 
2. 6266)2 . 5138/2 . 4068/2 . 3047/2. 2044/2 . 1078/2 .0166}1 .9288)1 . 8446/1 . 7642 
1. 6873}1 .6131)1 . 5423/1. 4756/1 .4118/1.3492/1 2917/1. 2364/1 .1825/1.1314 
1.0921)1 .0361/0.9931)0.9517)0. 9118/0. 8733/0. 8361/0. 8002/0. 7654/0. 7317 
0. 7009/0. 6712/0. 7438/0. 6187\0. 5944/0. 5708/0. 5478)0. 5255/0 . 5037/0. 4824 
0. 4618/0. 4437/0. 4259/0. 4088/0. 3926|0 3787/0. 3652/0. 3519|0. 3387/0. 3257 
0.3128|0. 3017/0. 2908/0. 2803/0. 2702/0. 2605/0 . 2513/0. 2423/0. 2340/0. 2263 
0.2195/0. 2135/0. 2077/0. 2017/0. 1959/0. 1905/0. 1855)0. 1797/0. 174.40. 1691 
) 
0 
0 
0 
0 
0 
0 


CONaOahwnre oe 


. 1639/0. 1588/0 . 1536/0. 1485/0. 1435/0. 1384/0. 1836/0. 1289/0. 1242/0. 1195 
. 1149/0. 1107/0. 10700. 1028/0. 1009/0. 0983/0. 0957/0. 0953/0. 0907/0. 0886 
. 0866/0. 0845/0 . 0824/0 . 0804/0. 0783/0. 0763/0 .0742/0 .0722/0 .0704/0. 0686 
.0671/0 .0655)0 . 0640/0 .0625/0 .0610/0 . 0595/0. 0580/0. 0565/0. 0552/0 .0540 
. 0526/0 0514/0. 0502/0 .0491/0.0481/0 0471/0. 0461/0. 0451/0.0441/0.0431 
.0420)0 .0411/0 0403/0. 0395/0 . 0388/0 . 0380/0 . 0373/0 . 0365/0 .0358)0 .0350 
. 0343/0 0335/0 . 0328/0 . 0320/0 .0313/0. 0308/0 . 0303/0. 0298/0. 0293 0.0288 


* ‘* Handbuch der Physik,’’ vol. 10, p. 368. 
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T 
TaBLE 4e-5. VALUES OF S = i. oe dT as A FuncTIon or 0/T* 


“. 0.00 0.0.1 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 
0.1] 21.65 21.16 20.69 20.23 19.79 19.37 18.99 18.62 18.26 17.79 
0.2| 17.53 17.23 16.98 16.73 16.47 16.22 15.97 15.74 15.52 15.31 
0.3) 15.12 14.93 14.76 14.59 14.42 14.25 14.08 13.91 13.74 13.58 
0.4) 13.42 13.27 13.13 13.00 12.86 12.73 12.60 12.47 12.35 12.22 
0:5} 12.06 11.98 11.86 11.75 11.64 11.53 11.41 11.32 11.22 11.12 
0.6} 11.03 10.93 10.84 10.75 10.65 10.56. 10.47 10.38 10.29 10.21 
0.7| 10.14 10.04 9.96 9.88 9.80 9.73 9.66 9.58 9.51 9.45 
0.8} 9.364 9.291 9.229 9.162 9.094 9.027 8.959 8.892 8.825 8.756 
0.9] 8.689 8.630 8.564 8.495 8.440 8.379 8.320 8.263 8.206 8.150 
1.0| 8.094 8.039 7.984 7.928 | 7.873 7.818 7.762 7.707 7.653 7.601 
1.1}; 7.549 7.498 7.447 7.396 7.346 7.302 7.249 7.201 7.153 7.105 
1.2} 7.060 7.015 6.970 6.925 6.880 6.835 6.791 6.748 6.706 6.663 
1.38] 6.621 6.579 6.537 6.496 6.455 6.413 6.373 6.333 6.295 6.256 
1.4] 6.218 6.185 6.144 6.107 6.069 6.032 5.995 5.958 5.921 5.885 
1.5] 5.849 5.813 5.778 5.743 5.709 5.675 5.640 5.607 5.574 5.540 
1.6| 5.507 5.475 5.442 5.410 5.379 5.347 5.316 5.285 | 5.253 §.222 
1.7} 5.191 5.160 5.130 5.100 5.070 5.041 5.012 4.982 4.953 4.924 
1.8| 4.895 4.867 4.840 4.811 4.783 4.755 4.728 4.700 4.672 4.645 
1.9; 4.617 4.590 4.565 4.539 4.513 4.488 4.463 4.438 |. 4.414 4.390 
.s] 
- 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
0: i ee es 21.6510 | 17.5293 | 15.1233 | 18.4213 | 12.1051 | 11.0354 | 10.1357 | 9.3643 | 8.6892 
1 | 8.0934 | 7.5484| 7.0601; 6.6206| 6.2183| 5.8491| 5.5068 1906 | 4.8947, 4.6176 
2 | 4.3680 | 4.1296] 3.9084] 3.7020} 3.5055] 3.3202| 3.1484] 2.9861; 2.8332| 2.7493 
3 | 2.5538 | 2.4253| 2.3042; 2.1913} 2.0849| 1.9816| 1.8871| 1.7976} 1.7115] 1.6306 
4 | 1.5529 | 1.4810] 1.4141| 1.3502] 1.2892; 1.2309} 1.1750; 1.1214; 1.0698; 1.0202 
5 | 0.9748 | 0.9317| 0.8914] 0.8548] 0.8195| 0.7854; 0.7525, 0.7206] 0.6897 | 0.6595 
6 | 0.6306 | 0.6050] 0.5799| 0.5562] 0.5334/ 0.5138] 0.4950] 0.4765; 0.4583; 0.4403 
7 | 0.4225 | 0.4072] 0.3922] 0.3777| 0.3639] 0.3506; 0.3381] 0.3258, 0.3144| 0.3033 
8 | 0.2946 | 0.2865} 0.2786| 0.2704] 0.2626] 0.2551] 0.2484; 0.2406) 0.2334] 0.2263 
9 | 0.2193 | 0.2124] 0.2054] 0.1985} 0.1918; 0.1850; 0.1785) 0.1722| 0.1659) 0.1596 
10 | 0.1535 | 0.1478| 0.1428] 0.1386] 0.1347) 0.1312) 0.1277; 0.1242; 0.1210] 0.1182 
11 | 0.1155 | 0.1127] 0.1099| 0.1072/ 0.1044) 0.1017| 0.0989; 0.0963; 0.0939| 0.0915 
12 | 0.0895 | 0.0873/] 0.0853] 0.0833] 0.0813] 0.0793] 0.0773! 0.0753| 0.0736; 0.0720 
13 | 0.0701 | 0.0686] 0.0669] 0.0655] 0.0641] 0.0628; 0.0615| 0.0601; 0.0588 | 0.0575 
0.0560 | 0.0548} 0.0537] 0.0527; 0.0517; 0 0.0497; O 0.0477 | 0.0467 


* ‘“Handbuch der Physik,’ vol. 10, p. 369. 


Once @ is known, C,, EH, and S may be obtained at any desired 7. Table 4e-6 con- 
tains values of 6 for nonmetals. | 
At low temperatures, the molar heat capacity of metals varies with the temperature 


according to the equation 


C.222 745 ~ (4e-2) 


where © is the Debye temperature and y is the electronic constant. Table 4e-7 
contains values of 6 and y for 39 metals. This table is the result of a critical evalua- 
tion of the latest low-temperature calorimetric work. The starred values of y were 
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not obtained calorimetrically but were calculated thermodynamically from supercon- 
ducting threshold field curves. For references, see page 210 of ‘Progress in Low Tem- 
perature Physics,” C. J. Gorter, ed., Interscience Publishers, Inc., New York, North- 
Holland Publishing Co., Amsterdam; 1955. 


TABLE 4e-6. DeBYE TEMPERATURES FOR NONMETALS 


Substance 


D(H?) 


7 © © © e © © ee ee ee hel hl le le lt 


0, °K 6, °K | 
85 177 
144 227 
183 115-200 
474 607-750 | 
115 750-890 — 
97 281 
1860 68 
645 63 
105 91 
28-36 120-135 . 
15.5 100-118 . 
106 


' Substance 06, °K 
Germanium......... 250-400 
Silicon... 0s... ee, 658 [but f(0)] 
Gray tin............ 260 
DOF O53 AG 8 cite Bes 318 
POs a ais ein ho ek 194 
PbSe............... 135-160 
| od od 0: ere ae 124-135 
OO ree58 SG Beas 160 
DD stitial ipa den o 300 
C (graphite)......... ~1000 


Reference 


I, Esterman and J. R. Weertman, J. Chem. 
Phys. 20, 972 (1952) 

Pearlman and Keesom, Phys. Rev. 88, 398 
(1952) . oe 
Hill and Parkins, Phil. Mag. 48, 309 (1952) 
C. H. Shomate, J. Am. Chem. Soc. 69, 218 

(1947) | 
R. L. Petritz and W. W. Scanlon 


|D. H. Parkinson and J. E. Quarrington, 


Proc. Phys. Soc. (London), ser. A, 67, 569 
(1954) 

D. H. Parkinson and J. E. Quarrington, 
Proc. Phys. Soc. (London), ser. A, 67, 569 
(1954) 

Long, Jones, and Gordon, U.S. Bur. Mines 
Rept. A-329 (Oct. 28, 1942) 

Calculated by F. A. Kroger from Wooster, 
Acta Cryst. 4, 191 (1951); Meijer and Polder, 
Physica 19, 255 (1953) Table 1 

J. A. Krumhansl and H. Brooks, J. Chem. 
Phys. 21, 1663 (1953) 
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TaBLE 4e-7, DEBYE TEMPERATURES AND ELECTRONIC CoNnsTANTS FOR METALS 
(Starred values were obtained magnetically) 


° Y> ° 

meee one 10-4 cal/mole deg? paca ae 10-4 cal/mole deg? 
Ag. 229 1.45-1.60 Na....... 160 4.3 
|. re 375 3.27-3.48 Nb....... 252 17 .5-20.4 
pC eee 164. 1.67 IN icsiacdeee 413 17.4 
Bali cages 1G oe tcewnne’ OStecaaddl, “adie 5.62 
Be......... 1160 0.53 Pb....... 96.3 7.48-8 .0 
Biv ccacicvonie 117 0.114-0.186 12: 275 22 .4-31.0 
Cal ce teas 220 2.9 Piss eucneeul ates 22 
Cdin2 os cteues 165 1.5-1.7 Pieaccettens 233 16.1-16.5 
COL scieans 385 12.0 Ros 48: 59 pied Sees 
Ci wives 418 3.7-3.8 Re seks 275 5.85 
Co bi eek sn, 7 ae ee eee Rh. 350 10.0-11.7 
Cixnacaci 343 1.60-1.80 RG wie dias 8.0 
B66 soe: 355 12.0 Sbawugeses 140 Sta abet se teee 
Ga ee oosedd 240 1.2 Sissies 195 4.18-4.46 
Gditxiaeewe 152 16 Siecdacads TAS. A hehe eae 
Hf.. 213 6.3-6.8 Tas hisses 230 13 .0-14.0 
Hes ccosncnee 75 5.3* Diciiatet ea 168 11.2-13.3 
1 fi eee Se eee 109 4.0-4.33 Ti.. 430 8.0-8.5 
Testes 285 7.5-7.6 sh) eee 100 3.5 
| nee 100 ee ree ere eee 200 26 
Tas edatde 132 16-21 V cckccaat 338 21.1-22.1 
Th hd ste ABT ial crete aee Beane Witenes 270 1.8-5.0 
Mg........ 342 3.15-3 25 Zn........ 235 1.25-1.50 
Mac oewaiee 410 32 9-43 Died sek 265 6.92-7 .25 
Mo........ 360 5 .05-5 .25 | _ 


HEAT 


Y> 


The calorimetric quantities © and y are given separately for the superconducting 
metals in Table 4e-8, along with the zero-field transition temperature Ty and the 
threshold field at absolute zero Ho. | 
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TaBLE 4e-8. SUPERCONDUCTING TRANSITION TEMPERATURES, ELECTRONIC 
CoNsTANTS, AND DEBYE TEMPERATURES FOR SUPERCONDUCTORS 
(Starred values were obtained magnetically) 


Metal To, °K mivle:dent” °K | Ho, oersted References 
| eee 1.175 3.27-3.48 | 375 106 D2, G1, G2, K8, 87 
CG ccaan 0.56-0.65 | 2.5-1.7 | 165 27-28.8 | G1, G2, K9, 81, 810, 
| | $12, T1 | Hy 
Ga...... 1.103 12 240 47-50.3 | G1, G2, 87 
12 re 0.37 6.3-6.8 | 213 | ........ K9, 810 
Hg...... 4.160 5.3* 69 400-419 | D3, D4, M1, M6, P2, 
R1, R2, $3, 84 | 
6 ree 3 .374-3 4 4.0-4.33 | 109 269-275 | Cl, C3, C4, D3, M6 
La...... 4.8,5.8 16-21 . | 182° |. eeecscan ‘| J2, M4, Pl, S5, ZA, Z2 
Nb..... 8.7-8.9 17.5-20.4 | 252 1960 C5, D3, D4, J1 
Os...... 0.71... 4°. 5.62 1 ..... 65 |Gi1 | | 
Pb..... 7.22> | 7.48-8.0 96.3 800 C2, D3, D4, H2, J3, 
| 01, P3,S2 
Re...... 1.70 5.85 210 188° A4, D5 
Rh...... 0.9 10.0-11.7 | 350, | .:...... , ra 
Biss 0.47 8.0 Fi... | 46 Gl 
Sn...... 3.74 4.18-4.46 | 195 304-310 | A2, A3, D3, D4, HI, 
| 7 K6, K7, Li, M2, 
ae , : ee es M3, 82, W3 
Ta...... 4.38 - 13.0-14.0 | 230 860 D3, D4, K2, M5, P4, 
toe . ee WI, W5 
TOs caean TE ol! semi eea eds 1) sitet, Ol eats T2 : 
Os sii 1.388-1.40 | 11.2-13.3 | 168 131 | 86, 87. 
J i ene 0.39. | 8.0-8.5 | 430 100 Dt, Ei, 87, 810, 811, 
— | sy aah Seed ' | $13, W2 
fy area 2.392 3.5. | 100 (171 D3, K4, K5, M6 
| ere 1s 26 te Al, A4, G3, 87, 88 
ee 4.89 21.1-22.1 | 338 1340 W3, W4 
// i ne 0.93 1.25-1.50 | 235 42-52.5 | D2, D9, G1, G2, K1, 
| - K3, 87, 89 : 
1, ae 0.55 6.92-7.25 | 265 46.6 F1, K9, 810 


y, 10- 


‘cal/ 


References for Table 4e-8 
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Af. Thermal Expansion! 
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TABLE 4f-1. CoEFFICIENTS OF LINEAR* THERMAL EXPANSION OF 
CHEMICAL ELEMENTS (POLYCRYSTALLINE) f 


Temp. 
or 
temp. 
range, 
°C 


Element 


—191 to 0 

+ 20 to 100 
20 to 300 
20 to 600 


Aluminum........... 


— 190 to 20 
+ 20 to 100 
- 20 to 300 
20 to 500 


Antimonyf{.......... 


Arsenic............. 40 


Bari ni s53.36.6 os alt ees 0 to 300 
—120 to 0 
+ 20 to 100 
20 to 300 
20 to 700 
1200 


—190 to 17 
— 15 to 100 
+ 75 to 265 


20 to 750 


Coefficient T Coefficient. 
: emp : 
of linear of linear 
thermal ne thermal 
: Element temp : 
expansion patie. expansion — 
X 106 per °C X 106 per 
°C °C 
18.0 Calcium...... ee ae — 150 18.0 
23.8 — 50 20.9 
25.7 + 30 22.5 
28.7 20 to 100 | 25.2 
os 0 to 300 | 22.0 
8. to10. |Carbon: . 
8.4 to11.01 Diamond.......... — 180 to 0 0.4 
9.2 to 11.4 0 to 78 1:2 
9.5 to 11.6 0 to 400 2.8 
0 to 750 4.5 
5.6 Graphite.......... 20 to 100 | 0.6 to 4.3 
20 to 400 1.3 to 4.8 
pe toehe 20 to 800 | 1.8to 5.3 
8.1 : 
12.3 Chromium........... — 216 to 0 4.1 
14.0 — 100 to 0 5.1 
16.8 0 to 100 5.7 to 8.3 
23.7 0 to 300 7.8 to 8.9 
: 0 to 700 9.1 to 10.3 
- : us Cobalt.........0000. 20 to 100 | 12.4 
17.4 20 to 400 | 14.0 
8.3 Copper....... puss 2d — 253 to 10 11.7 
—191 to 16 14.1 
20.6 + 25 to 100 | 16.8 
27.4 25 to 300 | 17.8 
29.7 0 to 500 | 18.2 
31.8 3 


0 to an 20. 


See page 4—53 for footnotes. 


1 All tables except 4f-7 and 4f-8 reprinted by permission from ‘‘Smithsonian Physical 
Tables,’ 9thed. Data or references to publications on thermal expansion of other materials 
may be obtained from the National Bureau of Standards. 
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TaBLE 4f-1. ComFFICIENTS oF LINEAR* THERMAL EXPANSION OF 
CHEMICAL ELEMENTS (POLYCRYSTALLINE) { (Continued) 


Temp. 


Element temp. 


ee 


Germanium........:: 20 to 230 
230 to 450 


~-450:to 840 > 


Gold. ccseseseveesss +} 190 to 16 
0 to 100 
0 to 400 
0 to 700 
0 to 900 


Indium.........+ee. — 180 to 20 
tT + 20 to 100 


Tridium......e.0..--5 — 183 to 19 
+ 18 to 100 
0 to 1000 
0 to 1700 


PPON 644 soe ees as ess — 182 to 0 
— 100 to 0 
0 to 20 
20 to 100 
20 to 300 
20 to 600 
20 to 900 


LiGAd tos cu ee sarteeson —190 to 20 
+ 20 to 100 
20 to 200 
20 to 300 


Lithiimis ee s4 ao e8 —178 
— 98 
J— 8 

0 to 95 


Magnesium......... — 190 to 20 
20 to 100. 
20 to 300 
20 to 500 


Manganese: 
Alpha phase.......}—190 to 0 


Beta phase........ — 183 to 0 


Gamma phase..... — 70to0 


See page 4-53 for footnotes, 


| 14.8 : 


12.8 to 20.4] 
18.7 to 24,9#Ruthenium......... 
13.6 - 


Coefficient 
of linear 
thermal 

expansion 

X 106 per 


_" 
bo 
e@ Cc P & 


ow oO 8 OO 
NON ON © 


NOCONN GH 
KHON POO 


Coefficient | 
of linear | 
_ Shermat ) >... Bement. *! 
expansion’ | 
X 106 per | 
°C 
| 
Sas aa ec a a re a ra oe 
6.0  lybdemms. sass. 190 to 0 
7.3 | —100 to 0 
1.5 | 20° to 100 
13.1 | 
14.2 | | 
14.9 Neodymium.........| 100 to 260 |’ 
15.8 Seok 4 
| 
16.5 iNickel........ sie. e. | ~ 258 to 10 
. — 192 to 16 
he = | 0 to 100 
; | 0 to 300 
| 25 to 600 
5.7 | 25 to 900 
6.6 | | 
7.9 Botta ae 
8.7 jpuobne igi tiena wget gies 
‘9.1 | 
10.4 ! 
11.6 | 
12.1 ‘ _ 
13.4 Nereis 
14.7 | | 
15.0 }Palladium........... —191 to 16 
| | | + 16 to 100 
16 to 500 
26.7 
29.2 16 to 1000 
30.0 | 
31.3 1Platinum............/—191 to 16 
17.0 : 
36.3 
45.7 
56 | 
21.3 | Potassium Mirae 
25.9 ft 
28.0 | Rhodium 
29.8 | 
| — 28 
0 to 100 
15.9 ‘ 0 to 500 
17.6 
22.3 
22.8 HBe 
25.2 | Rubidium........... 
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TaBLe 4f-1, CoEFFICIENTS or Linear* THERMAL EXPANSION OF 
“CHEMICAL ELEMENTS (PouycrysTaLLine) { (Continued) 


Temp Coefiicient 
| ‘ee of linear 
Element temp permet a 
expansion 
er x 108 per 
as °C 
Selenium: | 
Polycrystal- 
NG suet ikes ws — 78to19 | 20.3 
+ 20 to 100 |’ 22.9 
205 45.2 
Amorphous........|~ 78 to 0 42.7 
0 to 21 48.7 
Amorphous; . 
melted and cast. .|— 160 #40 0: -| 37.3 
0 43.9 
Silicon..... seceee ee etm lTZ —0.4 
: — 87 _ |+0.9 
+ 20t050 | 2.4 
100 2.0 
500 3.0 
1000 3.3 
Silver......... eid sane — 250 to 0 -14.9 
—191 to 16 17.0 
0 to 100 | 19.4 
20 to 300 | 20.2 
20 to 500 | 20.7 
0 to 900 | .22.4 
Sodium..... ...++../—193 to 0 59.8 
0 to 17 68.2 
0 to 50 70 
0 to 95 71 
Tantalum........... —190 to20 | 6.2 
: -+ 20 to 100 6.6 
20 to 300 | . 6.6 
20 to 500 |. 6.6 
27 to 1400; 7.3 
27 to 2400) 7.8 
Tellurium........... 40 16.8 


Temp. 
or 

temp. 

range, - 
°C 


.., Blement 


Coefficient 
of linear 
thermal 


: expansion 


< 106 per 
°C 


reer I pene a | LS 


0 to 100 
0 to 200 


Thorium....... .eees/—216 to 20 

a thas | + 20 to 100 
20 to 300 
20 to 600 


— 183 to 20 
+ 18 to 100 
25 to 200 


— 195 to 20 

+ 20 to 200 
20 to 400 
20 to 600 
20 to 800 


—190 to 0 
—100 to0 
0 to 100 
0 to 300 
0 to 650 
27 to 1000 
27 to 1750 
27 to 2400 


Tungsten (wolfram).. 


— 183 to 18 

+ 20 to 100 
20 to 200 
20 to 300 


~ 183 to 0 
0 to 20 
+ 20 to 200 
20 to 400 
20 to 700 


-15.8 to 22. 
23.8 to 27. 


24 


i" 
ce 
m © & © OO 


no hp he BP OO 
CNIS &@ PD 0 


, 
0 


* The coefficient of cubical expansion of an isotropic solid element may be taken as 3 times the 
coefficient of linear expansion within a high degree of approximation (see Table 4f-3 for measured 
coefficients of cubical expansion of some chemical elements). 


} For references, see ‘‘Smithsonian Physical Tables,’’ 
{ The coefficients of expansion depend upon the orientation of the constituent crystals. 


9th ed. 


{ The coefficients of expansion depend upon coarseness of grains and treatment of metal. 


4-54 , - HEAT 


TaB.E 4f-2. Comrricrents or LinzaR* THERMAL EXPANSION OF 
CHEMICAL ELEMENTS (CRYSTALS) | 


Coefficient of linear thermal 


7 expansion per °C 
Temp. or temp. 


Element 


range, °C , | 
Parallel to axis ss ae ua 
| to axis 
Antimony...... gid ie areas ~ —215 to +20 16.0 XK 10-6 7.0 X 10° 
| | + 15 to 25 «15.6 | 
0 to 100 16.8 
20 to 200 BE Set, Re 8.4 
20 to 400 4S te Shox: — 8.1 
ATSODIG 6350 eds SG Rae dre 30 to 75  3.2t0 6.8 
Beryllium................ — 150 1.6 2.8 
+ 10 «8.6 | 11.7 
18 to 220 | 10.4 15.0 
18 to 454 13.1 15.7 
Bismuth.................. — 140 15.9 10.5 
+ 30. 16.2 11.6 
20 to 260 16.5 
20 to 240 Per ere | 12.0 
Cadmium................. —190 to 18 48.2 | 18.5 
+ 20 to 100 60.4 18.9 
Carbon: | 
Graphite............... —195toO | ....i..... 4.8 
Oto40 | wlll... 6.6 
0 to 500 17.2 1.3 
0 to 1000 18.8 | 1.8 
0 to 1500 20.7. | 2.0 
0 to 2300 ~- 23.10 2.4 
20 to 870 26.7 
Cobalt. oo... ccc cece. . 33 to 100 16.1 12.6 
INGIUMsy, ¢3.406 5.8 Hawa d 463 — 17to9 56 13 
+ 23 to 87 45.0 11.7 
Magnesium............... 20 to 100 26.4 25.6 
20to 200 | = 27.7 26.6 
Mercury acc. is band adores —190 to —160 42.6 33.4 
—188 to —79 47.0 37.5 
—120 49.6 37.5 


See page 4—55 for footnote. 
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TABLE 4f-2. CoEFFICIENTS OF LINEAR* THERMAL EXPANSION OF 
CuemicaL ELEMENTS (Crystaus) (Continued) 


Coefficient of linear thermal 


expansion per °C 
Temp. or temp. 


Element - : 
| range, °C Perpendicular 
Parallel to axis P : 
to axis 
Osmium........ onceth ale ad + 50 5.8 & 1076 4.0 * 1076 
250 6.6 4.6 
500 8.3 5.8 
Rhenium................. _ 20 to 1917 12.4 | 4.7 
Ruthenium............... 50 | 8.8 5.9 
| 250 9.8 6.4 
550 11.7 7.6 
Selenlum................. 15 to 55 —17.9 
20to60 | ...... 74.1 
Tellurium................ 20 — 1.6 27.2 
20 to 60 — 1.7 27.0 
Thallium........ maa eit ae 32 to 91 |) an 9 
APRs ck canst cee Guna ee —195 to 20 25.9 14.1 
0 to 20 —629.0 15.8 
+ .14 to 25 32.2 16.8 
34 to 194 45.8 25.7 
AVG s soock sen 8 a BO tt Cheap & —190 to 18 ~ 49.5 11.3 
+ 20 to 100 64.0 14.1 
0 to 250 56 15 
20 to 400 59 16 
Zirconium................ 0 to 100 4 13 


* Tf there is random orientation of the crystals in a polycrystalline element such as antimony or 
cadmium, the coefficient of linear expansion of the polycrystalline element may be computed from the 
following equation: 


a = }(a|| + 2a1) 


where a|| is the coefficient of linear expansion of the crystal parallel to its axis, and.a_ is the coefficient of 
linear expansion of the crystal in the direction perpendicular to its axis (see Table 4f-1 for measured 
coefficients of linear expansion of polycrystalline elements). 
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Taste 4f-3. ComFFIcIENTs OF CUBICAL THERMAL EXPANSION. OF 
CHEMICAL ELEMENTS | 


Element 


Cadmium. . : Pattee: 


Carbon: 
Diamond......... 27 
25 to 650 


Cesium............ 


100 
300 


Cobalt........ 2a ans 


Gallium.... feskehsos — 78 to 18 


0 to 29.6 


lodine.....:......-| —195 to 25 
a + 10 to 40 
Lithium............ 


Nickel........ tat oalag 


— 273 to 19 
— 195 to 19 
— 79 to 19 

0 to 44 


Phosphorus... ; Maver 


0 to 23. 


0 to 100. 
0 to 178 


Coefficient 
of cubical 
thermal 
expansion 


to 251 


Temp. 
‘Klement temp. 
= : range, 
°C 
Potassium.......... 0 to 55 
Rubidium.......... 0 to 38 
Selenium: 
‘| Compressed...... 0 to 100 
Not compressed... 0 to 100 
Sodium............ — 186 to 17 
0 to 53 
0 to 79 
20 to 95 
Sulfur: 
Rhombic — 273 to 18 
— 195 to 18 
Ste: — 79 to 18 
_ Crystallized...... 0 to 100 
Sicilian........... 0 to 100 
Vitives ta eoteawe eas 80 
140 
190 
Zine 50 
ii 200 
300 


Coefficient 

of cubical 

thermal 

' expansion 

X 108 per 
°C 


240. 


270 


175 
198 
186 
207 


208 
226 


139 
164 
180°. 
354 
260 


THERMAL: EXPANSION 


AST 


Tasie 4f-4, Comrricirexts or LINEAR THERMAL. EXPANSION: OF 
- Somes ALLoys* 


Temp. or temp. 


_ Alloy} / | range, °C 


20 to 100. 
20 to 500 


Aluminum-copper, 9.9 Cu...............0.0000. 20 to 100 
a 20 to 300 

BO ee CMe ig bork. tania die Wi aiocip do oh Reon teake 20 to 100 

> 2 20 to 300 


BR Soe ha ae the Reet ile 20 to 100 

20 ‘to 300 

DOF IN aust arte We ten tlencataivs A oe ein, a yee 20 to 100 
Aluminum-silicon, 4:2 to 12:6 Si................ 20 to'100 
. 20 to 300 

BOSE Ola ehh ee a aie Boek Sek eed 20 to 100 
20 to 300 

QO Bisa vee cewk aie ee Cee eee ee ie eid cies 20 to 100 
20 to 300 

Aluminum-zine, 0 to 50 Zn...............0..005. 20 to 100 
Brass, 3 to 40 Zn... se ee eee Uren 25 to 100 
7 : oe : 25 to 300 
Bronze, 4.2 to Mo LS recess 2 ote Uke dosh anc’ 25 to 100 
i ~: 25 to.300 

Castiron ie 9 aise Py Fon oe eee ae hoe ks 20 to 100 


20 to 400 


Cobalt-iron-chromium, 53.0 to 55.5 Co, 35.0 to 
37.5 Fe, 9.0 to 10.5 Or................... 


20 to 60. 


20 to. 100 
20 to 300 


Copper-beryllium, 3.0 Be:............... 


Copper-nickel, 19.5 ‘Ni... eee —182 to 0 . 
0 to 40 

AD BIN Bs eect er Sh Oth eg ted ewes ah Ke —182 to 0. 
ey 2g 0 to 40 


Copper-tin (see Bronze) 


See page 4-60 for footnotes, 


Coefficient t of 
linear thermal 


expansion X 108 


26 


orb ATO 


mK WOM 


IONS 


per °C 


.4t0 17.8 © 
.6 to 22.2 


00S 


a2 to 19.4 : 
.8 to 22.1 


6 to 26.5 


.9 to 19.7 | 
.7 to 21.2 


.l to 17.8 
.8 to 19.0 


.7 to 11.1 
.5 to 12.7 
.l to +1.7 


.9 to 17:3 
.4to 17.4 
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TaBLE 4f-4, COEFFICIENTS OF LINEAR THERMAL EXPANSION OF 
Some Auxioys* (Continued) 


a ee a 


Coefficient { of 
Temp. or temp.| linear thermal 


Alloy} range, °C jexpansion X 10% 
per °C 

ae a Bo ice se a 
Copper-zinc (see Brass) 
Dumet 

AMAL ics ate Ge eA eee eae ie ae ees aes 20 to: 300 6.1 to 6.8 

Radial..... OR ee ee See ee ee ee ne’ 20 to 300 8.0 to 10.0 
Duralumin..... Sedeheatetsl aeaniat ote arte ee eee 20 to 100 21.9 to 23.8 

20 to 500 25.4 to 27.6 

Fernico, 54 Fe, 31 Ni, 15 Co............. eiddad 25 to 300 5.0 
Invar, 64 Fe, 36 Ni......... ek baa sere ee 0 to 100 0 to 2 
Iron-aluminum, 0.5 to 10.5 Al..................-{ 20 to 100 11.6 to 12.2 
Iron-chromium, | to AOCre 36 eet carers eee: 20 to 100 12.4to 9.4 
Iron-cobalt 9.9 to 49.4 Co............... aegavatenes 30 to 100 11.2 to 9.3 
Iron-manganese, 2.8 to 14.4 Mn...............-. 20 to 100 12.7 to 16.9 
Iron-nickel, 3.6 Ni......... 600 e eee eee eee 20 to 100 10.9 

SINT 2X ie oc bac three San ate Me he Re ae ae 20 to 100 3.7 

36 Nicene even hiesa nee eOEeeSe ee ae aS 0 to 100 0 to 2 

4 


ADO 00! Ninna kode ea eS Sha eee one 30 to 100 

Iron-nickel-chromium, 6.6 to 74.7 Fe, 1.3 to 70.1 
Ni, 4.9 to 26.7 Cri... eee eens 20 to 100 8.7 to 18.4 
20 to 1000 | 13.1 to 20.6 


Iron-nickel-cobalt, 62.5 to 64.0 Fe, 30.5 to 34.0 Ni, 


35 16 G.0O0 winiadeht eo So ees ~ 20. 0.0to 0.5 
61.3 Fe, 31.8 Ni, 6.0 Co....... 0-2. 20 to 100 0.9 
20 to 240 2.4 
58.7 Fe, 32.4 Ni, 8.2 Co.........--2- 2. eee ees 20 to 200 1.7 
20 to 295 2.6 

Tron-silicon, 1.0 to 8.4 S1.... 6.6... - eee eee eee 20 to 100 | 12.2to 11.3 

Kanthal (A, A-1, and D)f.......------ eee e eee 20 to 100 11.4 to 11.7 


20 to 900 | 13.9to 15.1 


Kovar (see Fernico) 
TPCT 
See page 4—60 for footnotes. . 
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TaB.LE 4f-4. CoEFFICIENTS OF LINEAR THERMAL EXPANSION OF 
Some ALLoys* (Continued) 


Coefficient { of 
Temp. or temp.| linear thermal 


Alloy} range, °C _jexpansion X 106 
per °C 

Lead-antimony, 2.9 to 39.6 Sb.................. 20 to 100 28.2 to 20.4 
Magnesium-aluminum, 10.4 Al.................. 20 to 100 25.9 
20 to 200 27.2 
BO A leend oh a 26 uted eae ees a Dai le Sasha and ee Oto 100 | 23.7 
0 to 200 25.1 
Magnesium-tin, 20.4 Sn..................0.00004 30 to 100 24.3 
30 to 300 24.7 
AGB caro oats PSD 5 ee Oe a eo Be 30 to 100 21.1 
30 to 300 21.3 
Magnesium-zine, 20 Zn... .. 2.0.0... eee 40 to 100 29.5 
50 Zn......... gh Saeed pene entation hatiie 6 40 to 100 30.2 
Manganin.......... Mies eee 20to 100 | 18.1 
0 to 400 18.9 
0 to 800 21.1 

Monel metal................00..0.000. Bisons 25 to 100° 13.5 to 14.5 

25 to 600 15.9 to 16.7 
Nickel-chromium, 20.4 Cr..............0.0.0005. 20to 100 | 13.0 
| 20 to.1000 | 17.2 

APB OP ins fe loci, tiers oer Hand ates outiemanae of 20 to 100 13.5 

20 to 1000 | 17.7 


Nickel silver, 62.0 to 63.2 Cu, 10.0 to 20.2 Ni, 17.4 
WO CAM FO eles a ser nied clone clos niga a daien Apes 0 to 100 14.8 to 15.4 
0 to 400 16.8 to 17.4 


Platinum-iridium, 20 Ir.....................05. ‘| —190 to 0 | 7.5 
0 to 100 8.3 
0 to 1000 °9.6 
0 to 1600 10.5 
Platinum-rhodium, 20 Rh...................... 0 to 500 9.6 
| 0 to 1000 10.4 
0 to 1400 11.0 
SAE carbon steels§............. 0.0.0... cc ee eee 20 to 100 8.8 to 14.4 
SAE stainless chromium irons.................. 20 to 100 9.4 to 10.7 


See page 4-60 for footnotes. 
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TasLe 4f-4, ComrFIcIENTsS or LINEAR THERMAL EXPANSION OF 
Some Attoys* (Continued) 


Alloyt — 


Speculum metal..... Ciera ct aede ttc g Becta 
Stainless steel, 12 Cr................ 
18 Cr, 8 Ni ie as Dae as lee eta eee Gah 0 


- © © © © © © ee 8 


oo © © © © ew ee le 


Stellite, 55 to 80 Co, '20 to 40 Cr, 0 to 10 W, 0 to 2 C 


Tantalum carbide.................. 
iets carbide +8, 9 Co. see, ieee 


POO Cpe sctirsnoe patent 


* For references, see “Smithsonian Physical Tables,”’ 


oe ee © © © @ © © 6 


ee @ © © we wo ee 


oe ee © © © we ee 


+ Chemical composition i is given in per cent by weight. 


t Coefficient of expansion varies with composition and treatment. 


Oth ed. 


Temp. or temp. 
range, °C 


20 to 100 


20 to 100 


20 to 100 


20 to 100 
20 to 600 


20 to 2377 


20 to 100 
20 to 400 
20 to 100 


20 to 400 | 


20 to 100 
20 to 200 
20 to 100 
20 to 200 


Onna 


Oowe 


Coefficient {t of 
linear thermal 
expansion X 105 
per °C 


.0 to 14.1 
.6 to 16.5 


2 


{ Composition of Kanthal: A: 68.5 Fe, 23.4 Cr, 6.2 Al, 1.9 Co, 0. 06 C; A-1: 69.0 Fe, 23.4 Cr, 5.7 Al, 
1.9 Co, 0.06 C; D: 70.9 Fe, 22.6 Cr, 4.5 Al, 2.0 Co, 0.09 C. 
§ Coefficients of expansion of other SAE steels (free-cutting, manganese, nickel, nickel-chromium, 
molybdenum, chromium, chromium-vanadium, and chromium-nickel austenitic steels) are given in 
‘‘Metals Handbook”’ for the American Society for Metals. 


TaBuE 4f-5. Comrricients. or LINEAR THERMAL. EXPANSION oF SoME 
_ MisceELLanEous MATERIALS* 


* For references, see ‘‘Smithsonian Physical Tables,” 9th ed: 


ft With load of 30 psi. 


THERMAL... EXPANSION 


Coefficient |. 


Across grain.. 


¢ Includes terms ‘‘ebonite” and “vuleanite.” 
{ Various temperature ranges between 0 and 100°C. 
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Coefficient 


oe ! 
. of linear | T of linear 
Temp. or ‘chavimal | CMD sOR thermal 
Material - temp. range, = Material temp. range, : 
°C expansion | Ye) expansion 
x 106 : x 108 
per °C per °C 
Al sae “ss iMica, muscovite: 
ee teas’ . eae || to cleavage aa 
Ammonium.....:.. 20 to 50 9.5 plane 0 to 100 8.5 
oS aae 20 ta 50 | 10.6 ate eloaN ane ae 
chrome.......... San an ae oe 0 ; 
Potassium......... 20 to 50. | 11.0 , planet a7 “0 : “ ae 
Thallium.......... 20 to 50 | 13.1 Mica Shtoweni as 
ea ola l| to cleavage . ee 
Pben Sree. : ” = sa plane........... 0 to 100 | 13.5 
Bakelite............. 20 to 60 21to33 | oe er re eee 
Bory lenascis or re eee kia |) 20 to 200 | 1.6 to 19.6 
Brick, clay building. .|— 10 to 40 3.0.to 12.4 Quarts ovyatalline -_ 
ae eae 0 : . 
Carborundum........ 0 to 500 7.3 ll to axis 0 es ac 
“Oto 1000| 8.4. 0 to 500 12.2 
le ne . DOO Bee LL to axis.......... 0 to 100 | 14.4 
Concrete............{— 13 to 27 6.8 to 12.7 0 to 300 | 16.9: 
— 13 to 88 7.5 to 14.0 0-to 500 20.9 
Per ae ea 3 te 20 4e BO) i722 toes oom fused (silica).| 200100 | 0.5 
20 to 1000} 0.5 
Glass: ed 
Miscellaneous. weines 0 to 300 |  O. 8 ne 12.8 ASckes(Atmerieany: eek 
ge ha - i a 1 - ne | Igneous........... 20 +0100 | 3.4 to 11.9 
arse Sedimentary.......|. 20+0100 | 2.7 to 12.2 
Grenites. (Ametonn).|=-20 to 66 4:8 to 8.3 Metamorphic eee eee 20 to 100 2.3 to 11.0 
TE bods 8 Gatti t eth — 250 26.4 Rubber (hard) f...... mA cue ee 
— 200 +0.8 os J 
—150. 16.8 Slates i sccse's ieee des 20 to 100 6.3 to 8.3 
Ss on . : ‘Tooth: 
0 59 7 ROOts esieeeeesn ec. - 20 to 50 8.3 
. i Across crown...... 20 to 50 11.4. 
Magnesia............ + 20 to 500 | 12.4 - geecOandcrowansec), S20te60: k- 1a8, 
20 to 1000 ate Wood: 
Marble.............. 25 to 100 5to16 | “long erain........ q ogee 


32 to 73 
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TABLE 4f-6. CuBIcAL EXPANSION OF LIQUIDS © 
(If Vo is the volume at 0° then at ¢° the expansion formula is V: 


- HEAT | 


= Vol + at + 


Bt? + yt). The table gives values of a, B and y and fk, the true coefficient of cubical 


expansion at 20° for some liquids and solutions. At is the temperature range of the 


observation.) . 


Liquid 


Acetic acid................6% 

AGCEONE. cos dewiasteyeteaes 

Alcohol: 
Amyl........ HAR Geet 
Ethyl, 30% by vol......... 
Ethyl, 50% by vol......... 
Ethyl, 99.3% vol.......... 
Ethyl, 500 atm pressure.... 
Ethyl, 3,000 atm pressure... 


Bromine.............2..+00% 
Calcium chloride: 
5.8% solution............ : 
40.9% solution............ 
Carbon disulfide............. 
500 atm pressure.......... 
3,000 atm pressure......... 
Carbon tetrachloride......... 
Chloroform...............-- 


Gy Ceri Get eee eeiaes le eeee Seas 


Hydrochloric acid, 33.2% solu- 


MerCUry iio e st be nee ea tae 


Olive Oil caice eed see CSE eke 


Pentane............-25 05808: 

Petroleum, density 0.8467.... 

Potassium chloride, 24.3% 
SOLON cadena bas be he 


Sodium sulfate, 24% solution. 
Sulfuric acid: 
10.9% solution............ 
TOO 00s ince ee tendo 


atc | ato | aio | yim | FIO 
16 to 107} 1.0630 | 0.12636; 1.0876 |1.071 
Oto 54 | 1.3240] 3.8090 |— 0.87983}1.487 
—15 to 80 | 0.9001 | 0.6573 1. 18458/0.902 
18 to 39 | 0.2928 | 10.790 |—11.87 
Oto 39 | 0.7450) 1.85 0.730 
27 +0 46 | 1.012 2.200 Vescencaae 1.12 
Oto 40 | 0.866 
Oto 40 | 0.524 
Oto 61 | 1.1342 | 1.3635 0.8741 |1.199 
11 to 81 | 1.17626} 1.27776) 0.80648/1.237 
Oto 59 | 1.06218} 1.87714/— 0.30854/1.132 
18 to 25 | 0.07878] 4.2742 |.......... 0.250 
17 to 24 | 0.42383) 0.8571 |.......... 0.458 
—34 to 60 | 1.13980) 1.37065) 1.91225/1.218 
0 to 50 | 0.940 
Oto 50) 0.581 
Oto 76] 1.18384) 0.89881] | 1.35135)1.236 
Oto 63 | 1.10715| 4.66473|/— 1.74328/1.273 
—15 to 38 | 1.51324 2.35918] 4.00512/1.656 
0.4853 | 0.4895 |.......... 0.505 
Oto 33 | 0.4460 | 0.215 |.......... 0.455 
Oto 100} 0.18182) 0.0078 |.......... 0.18186 
0.6821 | 1.1405 |— 0.539 (0.721 
0 to 33 | 1.4646 | 3.09319] 1.6084 {1.608 
24 to 120| 0.8994 | 1.396 |.......... 0.955 
16 to 25 | 0.2695 | 2.080 |.......... 0.353 
36 to 157| 0.8340 | 0.10732| 0.4446 |1.090 
Oto 29 | 0.3640 | 1.237 |.......... 0.414 
11 to 40 | 0.3599 | 1.258 |.......... 0.410 
Oto 30! 0.28385 | 2.580 |.......... 0.387 
Oto 30 | 0.5758 |—0.4382° |......-. 10.558 
— 9to 106] 0.9003 | 1.9595 |— 0.44998/0.973 
0 to 33 |—0.06427| 8.5053 |— 6.7900 |0.207 


THERMAL EXPANSION 


Tasie 4{-7. CoEBFFICIENTS oF LINEAR EXPANSION* oF 
| Some SEmMiconpuctTors, (°C)! 


a aa a I WaT 


Material Coefficient} Reference 
Se ree ee ee 
CdS (||)....-. .. 14 X& 1078 at 25°C ; 
CdS (L).....+.]6 X 10-* at 25°C Pec teuwerns inn. F hyavk Gy 241 (1949) 
Germanium... ./ 5.5 X 10-® at 25°C M. E. Fine, J. Appl. Phys. 24, 338 
(1953) 
POS wie nea 119 * 107 at 40°C S. S. Sharma, Proc. ladian Acad. Sci. 
| A34, 72 (1951) 
PbS@2 eed decrees 20 X 10-5 T. S. Moss, ‘‘Photoconductivity, in 
PbTe.......... 27 X 1078 © the Elements,” pp. 66 and 67, But- 
ADS nc eeacasicl ( OC 10® * terworth & Co. (Publishers), Ltd., 
- London, 1952 
Gray tin....... 5.3 X 10-8, —163 to 18°C | ASM “Metals Handbook,” p. 1070, 
7 American Society for Metals (1948) 
TiO eiicad Satis 9 X 10-6 | Von Hippel, Breckenridge, Chesley, 
and Tisza, Ind. Eng. Chem. 38, 1097 
(1946) 
UOe..........:/11.5 X 10-8, 20 to 720°C =| J. Thewliss, Acta Cryst. 5, 790 (1952) 


* Compiled by Mark W. Zemansky, The City College of New York. 
ft Temperature or temperature range for coefficients of PbSE, PbTe, ZnS, and TiO» not indicated in 
the publications cited. 


An approximate relation between the coefficient of volume expansion, 
| B = (1/v) (0v/OT)p 
and the temperature is given by Griineisen’s equation 


Cs | 
a Sek eas 4f-1 
= Oot — KE/O0F — 
where C, is the molar heat capacity at constant volume, £ is the energy of the lattice 
vibrations, and Q» and k are constants. If the Debye temperature 0 is known, both 
C, and # may be calculated at any value of T from the equations 


= T\3 [9/7 y3 dy 6/T 
c, = 3n|12(%) f 3 or | (4f-2) 


0 ev —1 
T 
B= [\ Car (4f-3) 


Values. of C, for many values of 0/7 are given in Table 4e-3, and values of E in 
Table 4e-4. Thus, if ©, Qo, and k are known, 8 can be calculated. Table 4f-8 lists 
the values of ©, Qo, and k for 24 metals which are consistent with the experimentally 
determined values of 6 measured by Adenstedt,! Erfling,? and Nix and MacNair.$ 
The values of © listed in Table 4f-8 are not in perfect agreement with those deter- 
mined from low-temperature heat capacities. (For the most reliable values of © 
_ obtained from low-temperature heat capacities, see Table 4e-7.) 

Another consequence of Griineisen’s theory of the solid state is the approximate 
proportionality of Qo with the melting temperature Tm. Values of 7m are listed in 
the last column of Table 4f-8. 

1H. Adenstedt, Ann. Physik 26, 69 (1936). 


2H. D. Erfling, Ann. Physik 34, 136 (1939); 41, 467 (1942). 
3#. C. Nix and D. MacNair, Phys. Rev. 60, 597 (1941); 61, 74 (1942). 


/ 4-64 co TREATY 6 tao 
Taste 4f-8. ConsTANTS* IN GrUNEISEN’s EQuaTION: FoR THERMAL EXPANSION 


oe 


| keal/mole . ba Fens 
108.8 2 4Qiv 1234 
| 83.6 mae rae 933 
| 148.8 3.4 1336 
, 106.0 2.4 1623 
| 150.0 0.5 544 
3 96.0 3.8 1083 
277 .0 en 
294 2.0.) 1888 
120 2.8 1357 
166.7 3.7 1806 
85.0. 3.35 "1533 
363.0 3.0 2893 
290.5 7.0 | 2773 
151.5 4 1725 
77.84 3.19 601 
163.7 — 0.49. 1825 
: 221 {2.910 2042 
| 229.5 2.5 "=. | 2233 
| 179.0 0.4. 904 | 
| 112.0 6.0 505 
: 292.4 02924 3278 
! 184.5 2.0 2118 
| 215.5 6.5 2008 
| A712 30.63. 3653 
: 68.6 3.33 693 


* Compiled by Mark W. Zemansky, The City College of New York. 


Ag. ‘Thermal: ORn NCE any 


w. E. FORSYTHE! 


The Smithsonian Institution 


ROBERT L. POWELL? 
NBS-AEC Cryogenic Engineering Laboratory 


4 fiche teeta: hannal conductivities reprinted by permission from the 'Smith- 
sonian Physical Tables;’” 9th ed.: 


‘ Low-temperature thermal conductivities, 
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TaBLe 4g-2. THERMAL ConpucTivity oF METALS AND ALLOYS 


cal cm/ 


Substance. °C sec em? °C a Substance t°C eee: Cc a 
Aluminum........./—190 0.497 Molybdenum....... 17 0.346 —0.0001 
Aluminum.,........ 30 0.497 +0.0080 jNickel............. — 160 0.129 | 
Aluminum......... 76.4) 0.550 NiGkel ots ca cuthaears 18 0.1420 
Antimony.......... 0 0.0442 Nickel it ctys erectus 0 0.1425 : ; 
Antimony.......... 100 | 0.0396 |~2°9!94iNickel.....0....00. 100 0.1389 |~2-00082 
Bismuth...........|/—186 0.025 Nickel............. 200 0.1325 —C.00098 
Bismuth..... eaRenairasi 18 | 0.0194 0.0021 NiCKElos2 345 -e haus 700 0.069 aie 
Bismuth. er 100 0.0161 : Nickel ..2s4s600%5 4% 1000 0.064 — 0.00047 
Brass... cscs ees es ~160 | 0.181 Nickel............. 1200 0.058 ° 
Brassscoe.euis detains 17 0.260 iPalladium......... 18 0.1683 +0 coe 
Brass, yellow....... 0 0.204 {|+0.0024 [Palladium......... 100 0.182 : 
Brass, red.......... 0 | 0.246 |+0.0015 [Platinum.......... 18 | 0.1664 | 9 90051 
Cadmium, pure..... — 160 0.239 | Platinum a es 100 0.1733. : 
Cadmium, pure..... 18 | 0.222 = ooosslt * 10: Think ede sos 17 0.074 +0.0002 
Cadmium, pure.....| 100 | 0.215 : jPt 10% Rh........ 17 0.072 |+0.0002 
Constantan........ 18 |. 0.0540 +.0.00227 Platinoid.......... 18 0.060 eas 4 
(60 Cu + 40 Ni)....| 100 0.0640 : | Potassium sae 5.0; 0.232 0.0018 
Copper,* pure...... — 160 1.079 . iPotassium......... 57.4) 0.216 ’ 
Copper,* pure......) 18 | 0.918 |_| o0013|@hedium Reacts 17 | 0.210 |—0.0010° 
Copper,* pure...... 100 0.908 ‘ Silver, pure........ — 160 0.998 
German silver...... 0 0.070 |+0.0027 |Silver............. 18 1.006 | _ 0.00017 
GOlG Hate ohhh ces — 190 0.793 —0.00007)Silver............. 100 0.992 ee 
Gold irtte siya os 17 | 0.705 Sodium............ 5.7} 0.321 |_ 9 oor9 
Graphite....... Sak 17 | 0.037 |+0.0003 |Sodium............ 88.1| 0.288 = 
Iridium............] 17° | 0.141 |{—0.0005 |Steel...... i Pata 18 | 0.110 
Iron,f pure........ 18 | 0.161 0.0008 Tantalum.......... 17 0.130 —0.0001 
Iron,f pure........ 100 0.151 -_ Tantalum.......... 1700 0.174. 

Iron, wrought......|—-160 0.152 Tantalum.......... 1900 0.186 

Iron, ee Tantalum.......... 2100 | 0.198 Oneeees 
polycrystalline .. 30. 0.173 ; DAY Gg osha ee Son sus O | 0.155 

Iron, , TING Ake Sa's mateo 100 | 0.145 | 0-00069 
polycrystalline ..; 100 0.163 Tin, pure.......... — 160 0.192 _ 

Iron, | —0.0008 |Tungsten.......... 17 0.476 |—0.0001 
polycrystalline ..| 200 0.147 Tungsten.......... 1600 0.249 Paints 

Iron, , Tungsten.......... 2000 | 0.272 |+°-00023 
polycrystalline ..| 800 0.071 Tungsten.......... 2400 0.294 +0.00016 

Iron, steel, 1% C..| 18 | 0.108 | _ 4 ooo; |Tungsten........-. 2800 | 0.313 : 

Iron, steel, 1% C..| 100 0.107 : Wood’s alloy.......] ...... 0.319 

Lead, pure.........|— 160 0.092 Zinc, pure.......... — 160 0.278 

Lead, pure......... 18 0.083 0.0001 Zine, . 

Lead, pure.....:...] 100 | 0.081 o polycrystalline .. 0 0.280 

Magnesium........ 0 to 100} 0.376 . Zine, 

Manganin..... ..../-160 | 0.035 polycrystalline ..| 200 0.250 

Manganin (84 Cu 18 | 0.0519 |. 9 oo26 Zine, | 
+4 Ni12 Mn)..{| 100° | 0.0630 : polycrystalline ..| 400 0.231 

Mercury........... O | 0.0148 Zine, liquid........ 500 0.144 

Mercury...........| 50 | 0.0199 {+ 2-0055 


The coefficient k is the quantity of heat in small calories which is transmitted per second through a 
plate 1 em thick per square centimeter of its surface when the difference of temperature between the 
two faces of the plate is 1°C. The coefficient k is found to vary with the absolute temperature of the plate, 
and is expressed approximately by the equation k: = ko[1 + a(t — to)]. ko is the conductivity at to, the 
lower temperature of the bracketed pairs in the table, &: that at temperature ¢, and ais a constant. 

* Copper: 100 to 197°C, k: = 1.048; 100 to 268°, 0.969; 100 to 370°, 0.931; 100 to 541°, 0.902. 

T Ircn; 100.to 727°C, ke = 0.202; 100 to 912°, 0.184; 100 to 1245°, 0.191. 
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TaBLe 4g-3. THERMAL ConpvucTIvVITY OF INSULATING MATERIALS* 


| ; Conductivity 
Material gpa °C watt cm , cal cm 
cm? °C - gece cm? °C 
Air, 76cm Hg............... | 0.00129} 0]| 0.00023 0.000055 
Asbestos wool...............} 0.40 —100 0.00068 — 0.000162 
Asbestos wool............... 0.40 0 0.00090 | 0.000215 
Asbestos wool..... piri ak ade | 0.40 +100 | 0.00101 0.00024 
Asbestos with 85% MgO......| 0.3 30 0,00075 0.000179 
Brick, very porous, dry...... .| 0.71 20 0.00174 0.00042 
Brick, machine-made, dry.....| 1.54 0|/ 0.00038 0.000091 
Brick, machine-made, moist,| — " 
5 Ge Vor VOL irae Gh tig shed aed tes Gt ROP eee wink cand es!) 0.00096 0.00023. 
Calorox, fluffy mineral matter .| 0.064 30 0.00032 0.000076 
Celluloid, white..... rere eee 30 0.00021 0.000050 
Cement mortar.............. 2.0 |. 690. 0.0055 0.0013 
Chalk..... Caan aes Dnt als lohicts ede tyes eicles NS Seachcs a 0.0092 0.0022 — 
Charcoal...... Lae dette behest Oe Ley 20 0.00055 0.00013 
Coke dust...0.......0......205 1.0 . 20 0.0015 | 0.00036 
Concrete... .. Sieh aces annie: 1.6 0 0.008 0.002 — 
Cork...... sachs cla ti surteres aids Spalted 0.05 — 0; 0.00032 0.000076 
Cork...... hee Ge Si aioe 2... | 0.05 100 0.00041. - 0.000098 - 
COrke6 sou lda ask ened eo ntes 0.35 0 0.00061 . 0.000146 
Cork. ics Ai Naas Re aeGae Ge Riginat ag 0.35 100 0.00079 © 0.000189 — 
Cotton, tightly packed........| 0.08 | —150 |. 0.00038. 0.000091 — 
Cotton, tightly packed...... ..| 0.08 | 0 0.00056 0.000133 
Cotton, tightly packed........| 0.08 | +150 0.00076. . 0.00018 
Cotton wool, tightly packed...} 0.08 | 30 0.00042 — 0.00010 
Diatomite (binders may Je oe ar a 
‘increase 100%).............| 0.20 | 1) 0.00052 . 0.00012 
Diatomite (binders may , off Hie 
. increase 100%)............. 0.20 °; 400; 0.00094 0.00022 
Diatomite (binders may 7 ar oo — 
increase 100%) ............ 0.50 | 0 0.00086. 0.00021 
Diatomite (binders may | hoe: ae: ae 
increase 100%)............. 0.50... 400 0.00157 | —§ 0.00037 
Ebonite................00005 1.19 | —190| 0.00188 | 0.00033 
Ebonite.................000. 1.19 © | — 78} (0.00157 | 0.00038 
Kbonite............. TA ee ee 0 0:00160 0.00038 
Felt, flax fibers..... 254 eee 0.18 30 0.00047" 0.00011 
Felt, hair...............00.. 0.27 30 0.00036 0.000086 
Felt, wool...... ee ee 0.15 40 0.00063 — 0.000151 
Felt, wool..... eee cr temd toca 0.33 30 | 0.00052 — 0.000124 
Planned. 26 oviweuwawt spel sacuere: |) ac wien used ie Sig uiels 0.000023 
Fuller’s earth............. 2. .f 0.53 30 0.00101 0.00024 
Glass, lead.............000000) cece eee 15 |} 0.0060 ~—| 0.00143 
Glass, 80da@.............000. | 2.59 20 0.0072 0.00172 
Glass, SOd@ ....cc cece ee eee 2.59 100 0.0076 0.00182 


¥ Compiled from the ‘International Critical Tables’’; see original for more complete data. 
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TaBLeE 4g-3. THERMAL ConpuctTivity oF InsuLaTiInGc MaTerrats (Continued) 


- Material 


Glass, oels hatte pirked Oe OS oe 
Glass, wool......... 20.0). 6.5.] 0.22 
Glass, wool .. Sixaxis eee! O02 22 
Glass, wool .. es Bade. O222 


Graphite, 100 TH6Ehi. Aan scene atiee 0.48 
Graphite, 40 mesh: ....:.....| 0.42 
Graphite, 20:to 40 mesh. .:.:...| 0.70 
Horsehair, compressed... .-...| 0.17 
TCC hd RS ren ee ree a... e.| 0.92 
Leather, chamois......,.06.0./ ....... 
Leather, cowhide..... eh eel gaa: 
Leather, sole. ............ .../ 1.0 
Linen. «6.56... eee ee a ee 
Linoleum, cork...........0..5:.| 0.54 
Mica, average......... meena Ried 
Micanite..:.:......... rece ae Sener 
Mineral wool:...........8...] 0.15 
Mineral wool. .... een eas, 10230 
PADD , TICC c4ieb. cs oh TONES | ae 
- Paper, pista: ee eee Sa 
Paraffin wax...... weeedsin's ssf 0,89 
Peat, GFY acecice onset ek fetana'.| 0.19 
Peat, blocks........... csi.an| 0.84 
Porcelain......... uae: BR ae Ih eee Aree 
Rocks: . " 
Basalt oh deaaek ies: cs 
CHB yy? wodin gacek oS daha 
Granite............ he Rey .| 2.8 
Limestone, very variable. 2.0 
Slate, 1 to cleavage........] oJ... 70 
Slate, || to cleavage..:.. 0...) 00... 
Sandstone, air-dried. .:.....| 2.2 
Sandstone, freshly cut..:....| 2.3 
Rubber, rigid sponge, hard. 0.09 


Rubber, sponge, vulcanized... 0.22 . 


Rubber, commercial, 40% Fabs 


Silk scrap. from spinning mill. .} 0. 10: , 
Silk scrap from spinning mill. j 0.10 | 


Conductivity 


cal cm 
sec cm? °C 


0.000100 
0.000120. - 
0.000155 —— 
0.000195 _ 
0.00044 -- 

-. 0.00093 * 
0.0031 © - 
0.000122 - 
0.0053. 

: . 0.000151 ° 
- 0:000421 - 
-:. 8.00038 -: 

- 0.000191 
0.0012 | 


0. 00010 : 
0.00012: . 
0.00011 —- 
0.00015. 
0.00055 
0.00012 
0.00041. - 
0.0025 


— 0.0048 
0.0022 - 
0.0053 

_ 0.0024 
0.0033 
0.0060 
0.00031 
0.00041 
0.000088" 
0.00013. 


0.00067 


0.00038 
0.000143 
0.0006 _. 
0.00010 | 
0.000055 
0.000088 
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TaBLe 4g-3.: THERMAL CoNDUCTIVITY OF INSULATING MaTERIALS (Continued) 


| Conductivity 
material arenes Be | watt cm . calem .- 
| a | em? °C sec cm? °C 
Silk scrap from spinning mill..| 0.10 0 0.000495 0.000118 
Silk scrap from spinning mill. .| 0.10 50 | 0.00056 - 0.000134 
SNOW rs ei siaueeheeent hae 0.25 0} 0.0016 ~ 0.00038 
Steel wool..............0005. 0.15 55 0.00080 0.000191 
Steel wool...............004. 0.08 55 0.00090 - 0.00022 
Woods: : 
Ash 1 to grain........ ....{ 0.74 20 0.0017 0.00041 
Ash || to grain....... Phen, CH Oe 4 20; 0.0031 — 0.00074 
Balsa. 1 to grain......... 0.11 30 0.00045 0.000084 
Boxwood............ wees | 0.90 20 0.0015 0.00036 
Cedar 1 to grain...... ....| 0.48 | oo... 0.0011 , 0.00027 | 
Cypress | to grain...... 2...) 0.46 . 30 0.00096 0.00023 © 
Fir 1 to grain............ .| 0.54 20 0.0014 0.00033 — 
Fir || to grain........... ...| 0.54 20 0.0035 0.00081 
Lignum vitae........... ...| 1.16 20 0.0025 0.00060: 
Lignum vitae....... ee | 1.16 100 0.0030 0.00072 
Mahogany, to grain...... 0.70 20 0.0016 0.00038 | 
Mahogany, || to grain...... 0.70 20 0.0031 0.00074 
Oak, | to grain......... ..| 0.82 15 0.0021 . 0.00050. 
Oak, || to grain............ 0.82 15 0.0036 0.00086 
Pine, pitch, 1 to grain.....) ....... 30 0.0015 0.00036 
Pine, Virginia, | to grain...| 0.55 30 | 0.0014 0.00033 
Pine, white, | to grain.....| 0.45 60 0.0011 0.00026 
Pine, white, || to grain......| 0.45 60 0.0026 0.00062 
Spruce, L to grain......... 0.41 |..... 0.0011 0.00026 
Teak, 1 to grain.......... 0.64 15 0.00175 0.00042 
Teak, || to grain...........| 0.64 15 0.0038 0.00091. 
Walnut, 1 to grain........ 0.65 20 0.0014 0.00033 
WO0l PUPC. Codon ie ae ctl 0.09 30 0.00036 0.000086 . 
Wool, pure, very loose packing | 0.04 30 0.00042 . 0.00010 


Temp., k, k, 
°C 10-§ watt/cm °C 10-5 watt/em °C 
0 554 , | 680 666 
10 576 : 684 | | 659 
20 7 598 ae | 686 — 652 
30 615 | 687 -644 © 
40 630 686 | 635 
50 + 643 685 624 
60 654 682 614 
70 665 7 680 602 
80 671 676 590 
90 — = 676 | 672 | 576 
100 ~~ 680 666 564 


* KE. Schmidt and W. Sellschopp, Forsch, Gebiete Ingenteurw. 3, 277-286 (1932). 
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TABLE 4g-5. THERMAL CONDUCTIVITY OF ORGANIC MATERIALS 


“4 kt, ke, 
Substance | °C Substance °C | ecalem/ | cal em/ 
sec cm? °C 
i 
Acetic acid...... 9-15} 0. We ww eon ee lads 2 0.02395 
Alcohols: is ..  f Chloroform.....{9-15] 0.03288 | Castor.......[/.... 0.03425 
Methyl........ 11 .0352 | Ether.......... i Toluene........ 0.03349 
Ethyl......... .| 11 : IT 528 hi | Vaseline........ 0.0344 


Amyl.ecccs4¢55) 0 ; 1 Oils: | Xylene......... | 0.03343 
Petroleum ...| 13 | 0.02355 | 
Turpentine...| 13 | 0.03325 | 


0.03333 


Conductivity 


Tem Conductivity Tem 
Substance - ie at l atm Substance . at 1 atm 
watt cm/cm?2 °C watt cm/cm?2 °C 

Normal pentane..... 80 1.347 X 10-8 || Carbon disulfide... .. 30 1.599 X 10-8 
: 75 1.285 75 1.515 
Sulfuric ether....... 30 1.377 Petroleum ether..... 30 1.306 
75 1.347 75 1.264 
Acetone............ 30 1.795 Kerosene............ 30 1.494 
: 75 1.687 75 1.394 


TABLE 4g-6.. THERMAL CONDUCTIVITY OF GASES 
The conductivity of gases, ke = }(97 — 5)uC», where 7 is the ratio of the specific heats, Cy/C»v, and p 
_ is.the viscosity coefficient (Jeans, ‘‘Dynamical Theory of Gases,’’ 1916). Theoretically k: should be 
independent of the density and has been found to be so by Kundt and Warburg and others within a wide 
range of pressure below 1 atm. It increases with the temperature. 


kx, 10-8 : fT key 10-8 
Gas t°C | calcm/ | x | cal cm / 
sec cm? °C 3 | sec em? °C 
PAD etic on 1.80 9 1.85 
AT het eeaee 5.66 9 1.83 
AS ie Gees 7.19 6 5.68 
Pcs Bm icra ti’ 1.42 A 7.18 
| ee 3.88 8 1.72 
|; en eee 5.09 3 5.70 
COL ones 5.42 6 7.43 
COR tee. 2.19 9 4.6 
COS eins ete 3.32 .2 3.53 


* Air; ko = 5.22 (10-5) cal em™ sec °C—!; 5.74 at 22°; temp. coef. = 0.0029. 
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TaBLe 4g-7, THERMAL CONDUCTIVITY OF CuBIC CRYSTALS* _ 


Crystal Temp, | Thermal conductivity, 


°C 10-4 cal cm/sec cm? °C: 
RS Clea oo erated gia Satan Sane 0 26 
BaP os 27 oc5 aber Sind ees 52 ee ee | 
38 - 170 
68 140 
CE inanlat oaent ew wide aiae ke chaok —190 932 
—78 360 
0 246.8 
386. 232 
CSBE ie dee eee aaa ek 100 > ~ 191.0 
45 22 
: 65 26 
FOB iin tena cduty kaka 0 87 
46 115 
1 Clive Goat armeséretenton.: —252 1400 
—250 1170 
—190 502 
—78 248.5 
0 166.5 
42 156 
72 153 
100 117.6 
WT cag altro ew eevee teed eee Mek —190 303 
—78 (110) 
0 73.1 
25 (65) 
REG GUE, GI 100 ~ (50) 
LiF (vacuum grown)......... ‘34 280 
_ LiF (air grown).............. 36 249 
GLP eesnace re oeneasaes 105. | . 4,81.3 
. i 249 93..2 
384 122.0 
499 138.0 
MpO it cis phate eels esd —78 930 
0 ——- 830 
25 800 
34 . 290 
72 340 
100 700 
NaC le aie a Sad, lope rae fous — 190 . 636 
—78 249.5 
0 166.7 
35 147 
70 130 
100 | 115.9 


* For references see Alexander Smakula, ‘‘ Physical Properties of Optical Crystals,’’ O.T.S. Document 
PB No. 111053, 1952. 
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TaBLE 4g-7. THERMAL ConpbuctTivity or Cupic CRYSTALS | (Continued) 


Crystal 
NaCl (from melt)............ 
NaCl (from solution)......... 
N GR swrogsbane ex ouisha coe oes 
PIBE Ss then bss oo ena eee, 
| ©) ene eee a a ee ae a 
KRS-5. 0.0.00. eee 
WORS-6 nce dacabeaeds bokenus 


Thermal conductivity, 
10-4 cal cm/sec cm? °C 


809 
213 
902.5 
902.5 
228 
1,240 
252 
220 
19 
23 
21.3 
17.1 


 Tasie 4g-8. THERMAL Conpuctivity or Noncusic CrystTAs* | 


- Crystal Temp. : ° 


Al,O3 (sapphire)........ 105 


CaCO; (calcite)........ 


SiO2 (crystalline quartz) 


eo eeees 


@e5u5e8e 


cl Parallel to ¢ axis, {Perpendicular to: ¢ axis, 
| 1074 cal cm/sec: em? °C 10~* cal cm/sec cm? °C 


61.3. 
93.2 - 
122 °° 
138 
440° 
137.7 
102 — 
98 
85.2. 
6,800: 
5,100 — 
586 
240.9 
173.1 
133.3 


- gg 


104 
10600 


* References for this table may be found in Alexander Smakula, ‘‘Physical Properties of Optical 


Crystals,” O.T.S. Document PB No. 111053, 1952. 


See ce eeepc 
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Tas.e 4g-9. THERMAL Conpuctivity oF S102 (FusEp Quartz) 
Thermal conductivity 


— Temp., °C k, 1074 cal cm/sec cm? °C 
—270.7 1.5 | 
— 268 .2 2.7 
— 263.2 2.8 
— 253.2 3.5 
— 233.2 5.8 
—213.7 9.0 
—193.2 | 14.2 
— 78 22.7 

0 | 35.2 
41 28.2 
60 33.0 

120 | 34.1 
180 | 35.3 
240 36.4 


Tas.LE 4g-10. DIFFUSIVITIES 


Material DIRS Material Diffusivity 
cm?2/sec cm?/sec 

Aluminum............ ....| 0.860 Coal aies:k nes eals Wiss Bie gat 0.002 
Antimony.................{ 0.1385 Concrete (cinder).......... 0.0032 
Bismuth: 0% #25545 444-3baes 0.069  |Concrete (stone)...........; 0.0048 
Brass (yellow)............. - 0.339 © |Concrete (light slag)....... 0.006 
Cadmium...............-.- 0.467 Cork (ground............. 0.0017 
CODDE! soo jn cs Shes 1.140 Hbonitesiiwcdswsdk ancean .| 0.0010 
Gold tas corot sess Coeds 1.209 Glass (ordinary)........... 0.0057 
Iron (wrought, also mild Granites os 6.02 gaa eee kk 0.0127 

Steel) ia Aone ee ee tee 0.173 TCC bctreacnes nieces 0.0112 
Iron (cast, also 1% carbon Limestone...........-..-: 0.0081 

Stel) accede ee 0.121 Marble (white)............ 0.0097 
LCA sawed cee S524 ee 0.245 Paratiiass jocueseud a eas 0.00098 
Magnesium..............- 0.932 Rock material (earth avg)..;| 0.0118 
Mercury) .ct22cccas toe aes 0.45 Rock material (crustal 
Nickel :.3235:.4¢44%01084%4 0.155 TOCKS) anus us baeas Shes 3 0.0064 
Palladium 26 boc. casero ates 0.261 |Sandstone................ 0.0113 
Platinum: «222.64 oe0saee es 0.243 Snow (fresh).............. 0.0033 
TLV OLS Je Sonics eae ee aekom ae 1.700 Soil (clay or sand, slightly 
Pills elated a eee ee eee 0.407 Ga D) eds see oer nea 0.005 
Zinc...... ohare bee Shakes 0.413 Soil (very dry)............ 0.0031 
Air A OAM 44.2386 04 ee eee 0.179 Water. 3. oe6305 seaweed 0.0017 
Asbestos (loose)..........- 0.0025 Wood (pine, cross grain)....| 0.00068 
Brick (avg fire)............ 0.0052 Wood (pine with grain)..... 0.0023 
Brick (avg building)....... 0.0044 


ree 
The diffusivity of a substance = h? = k/cp, where k is the thermal conductivity, c the specific heat, 
and pthe density. The values are mostly for room temperature, about 18°C. 
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TaBLE 4g-11. THeRrmMaL Conpuctiviry—Liquips, PREssurRE ErreEct* 


Con- | Conductivity relative to unity (0 kg/cm?) as function 
ductivity of pressure in kg/cm? , 
No.f Liquid °C at 
a 0 kg/cm? 


(egs) |1,000/2 ,000/4 ,000/6 ,000/8 ,000/10,000} 11,000 | 12,000 


nn, i, eS ee) ee) Kammesmend Kaamaeneniemend 


.000505/1 .201/1.342]1.557)1.724/1. 864 


1 | Methyl alcohol........ 30 |0 1.986} 2.043 2.097 
75 |0.000493|1.212/1.365/1.601/1.785|/1.939| 2.072) 2.133 | 2.191 
2 | Ethyl aleohol......... 30 |0.000430(1.221]1.363/1.574|1.744/1.888) 2.014] 2.070 | 2.122 
| 75 |0.000416|1.233/1.400/1.650/1.845|2.007| 2.152] 2.217 | 2.278 
3 | Isopropyl alcohol. .... 30 |0.000367|1.205/1.352/1.570/1.743/1.894| 2.028} 2.091 | 2.150 
- 75 |0.000363)1 .230}1.399/1.638/1.812|1.962} 2.093| 2.154 | 2.211 
4 | Normal butyl alcohol. .| 30 |(0.000400/1.181/1.307/1.495/1.648]1.780] 1.900) 1.955 | 2.008 
. | 75 |0.000391|1.218/1.358/1.559|1.720|1.859| 1.985| 2.043 | 2.099 
5 | Isoamyl alcohol....... 30 |0.000354|1.184/1.320/1.524/1.686/1.828] 1.955] 2.013 | 2.069 
| 75 |0.000348|1.207|1.348/1.557|1.724/1.868| 1.998| 2.063 | 2.126 
6 | Ether...... Seach deesentn’ 30 |(0.000329]1.305|1.509!1.800/2.009/2.177| 2.322} 2.388 | 2.451 
75 |0.000322/1.313/1.518/1.814/2.043/2.231| 2.394] 2.469 | 2.537 
7 | Acetone...,..--000-5. 30 |0.000429/1 . 184/1.315/1.511]1.659]1. 786] 1.900 Freezes 
. 75 |0.000403|1.181/1.325/1.554/1.738/1.891) 2.024) 2.083 | 2.137 
8 | Carbon bisulfide...... 30 (0.000382]1.174/1.310)1.512/1.663]1.783| 1.880/ 1.923 | 1.962 
; | 75 |0.000362|1 .208]1.366]1.607]1.789/1.935) 2.054) 2.107 | 2.154 
9 | Ethyl bromide........ 30 |0.000286|1.193/1.327/1.517/1.657/1.768] 1.858; 1.895 | 1.928 
75 |0.000273|1.230/1.390)1.609/1.772)1.907| 2.022} 2.073 | 2.121 
10 | Ethyl iodide.......... 30 |0.000265|1. 125]1.232]1.394]1.509]/1.592/ 1.662| 1.694 | 1.724 
, 75 \0.000261/1. 148)1.265}1.442|1.570]1.671) 1.757] 1.799 | 1.837 
11 | Water............... 30 (0.00144 |1.058]/1.113/1.210]1.293]1.366] 1.428] 1.456 | Freezes 
75 (0.00154 |1.065/1.123/1.225/1.308/1.3791 1.445] 1.476 | 1.506 
12 | Toluol............0.. 30 |0.000364/1.159/1.286/1.470/1.604/1.716) ..... (2.394f) 
75 |0.000339/1.210/1.355|1.573|1.738|1.872| 1.987| 2.039 | 2.089 
13 | Normal pentane...... 30 |(0.000322]1.281/1.483]1.777|1.987|2.163| 2.325) 2.404 | 2.481 
75 10.000307|1.319/1.534/1.855/2.112/2.335| 2.543 | 2.642 | 2.740 
14 | Petroleum ether....... 30 |0.000312]1.266/1.460/1.752/1.970|2.143| 2.279| 2.333 | 2.379 
75 |0.000302|1 . 2681 .466/1.780|2.026|2.232|2.409| 2.488 | 2.561 
15 | Kerosene............. 75 10.000333/1.185/1.314/1.502/1.654/1.792| 1.925| 1.990 | 2.054 


* P, W. Bridgman, Proc. Am. Acad. Arts Sci. 89, 158 (1923). 
+1, 2, 6, 8, 12, 18, extreme purity; 3, 4, 5, 7, 9, 10, 11, very pure; 14, 15, commercial. 
- } Toluol freezes at 9,900 kg/cm? at 30°. The figure at 11,000 is for the solid. 
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TABLE 4g-12. THERMAL CONDUCTIVITY OF OPTICAL, MATERIALS* 


' Temp., k, , Temp., | k, 
. Material °C _i{cal/sec cm °C}. | Mateuel °C _i{cal/sec cm °C 
Barium fluoride ~ J. — 49 | 4.8 X 107-2 | Cesium bromide —49 | 2.9 X 1073 
—38 | 4.0 : —23 | 2.4 
—14 | 3.2 | +25 | 2.3 
+13 | 2.8. 45 | 2.2 
32 | 2.6 98 | 2.0 
63 | 2.5 
| es ee re eo _ | 
Cesium iodide —  & | 2.8 X 10-* | Fused silica = = =8= = (s| «49 | 8.1 & «1078 
_ _ 25 | 2.7 | errs : —24 | 3.0 
40 | 2.65 $14 | 2.85 
59 | 2.6 (42 | 2.8 
i 8 90} 2.5 ©. 2 eee sy ack 104 | 2.8 
Sodium chloride - —37 | 1.8X 10-2? |Spinel |. —29 | 4.1 « 1072 
-— Oo —380 | 1.7 | a —21 | 3.7 
+16 | 1.55 +6 | 3.0 
35 | 1.5 21 «| 2.8 
70 | 1.3 68 | 2.6 
nee  . f 98 F120. Sanne 100 | 2.5 
Arsenic sulfide glass. 10 | 3.9 X 10-* | Rutile: . . . 
22 | 4.3 | || to.optic axis 16 | 2.8 x 1072 
' 42 | 4.8 sae in wee oe 86. | 3.0 
57 | 5.2 A to optic axis — } 18 | 2.1 
80. | 6.0 ae aoe, at (44 | 1.8 
90 | 6.2. 
| ‘| 102 | 6.4 We jo ade ae 
Thallium bromide iodide | —37 | 1.1 X 10-? | Thallium bromide chloride | —31 | 1.1 x 1073 
(KRS-5) — — —18 | 1.1 (KRS-6) —20 | 1.1 
| 0 | 1.2 eaten! a +11 | 1.2 
20 | 1.3 24 | 1.4 
36 | 1.7 56 | 1.7 
54 | 2.1 98 | 2.2 
, | 7 |. 99 | 3.8 peer rr ae in 
Sapphire:t ee | Ammonium dihydrogen 
| to optic axis 21 | 6.0 xX 10-2 | | phosphate: =. ‘|. 
roe | 80 | 5.0 ‘ll to optic axis 46 | 1.7 X 1073 
1 to optic axis 21 | 65 | es Ge: 
be Gaelkge 49 | 4.5 -L to optic axis «..... |... 40.-} 3.0 
Hes 4 fe; o ; 3 


ft See also J. L. Weeks and R. L. Seifert, J. Am. Ceram. Soc. 35, 15 (1952). 


TABLE 4g-13. THERMAL ConpucTIvity oF SOME SEMICONDUCTORS 
(At room temperature unless noted) 


Material Von ucuNaty a Reference 

cal/sec cm °C 

Germanium.......... 0.14, 25°C A. Grieco and H. C. Montgomery, Phys. Rev. 
0.11, 100°C 86, 570 (1952) 

EICOM Aiaka Sindee 5 -olat 0.20 1948 ‘‘Metals Handbook’”’ 

PDOs sta saa 0.0016 Lees, Phil. Trans. A191, 399 (1938) 

PbSe....... ee ere 0.01 E. H. Putley, Proc. Phys. Soc. (London) B66, 

991 (1952) 
PD Tes 6 Spacgeetta aw anna 0.012 E. H. Putley, Proc. Phys. Soc. (London) B67, 
| (1954) 
MgeSn............... 0.03 H. P. R. Frederikse, NBS 


C (graphite)..........| See references| A. W. Smith, Phys. Rev. 96, 1095 (1954); R. 
Berman, Proc. Phys. Soc. (London), A665, 
1029 (1952) 


THERMAL CONDUCTIVITY, WATTS/cm-deg: _ 


10 : 50 100 = 200 | 
a TEMPERATURE, °K : 
Fig. 4g-1. Typical curves showing low-temperature dependence of thermal conductivity. 


' It is generally assumed‘that thermal conductivity is not a function of temperature 
gradient but-is a function of temperature itself. It also is assumed that the conduc- 
tivity is not size- or shapé-dependent, though this last is not strictly true for dielectric 
crystals at ‘very low temperatures. Five representative curves are given in Fig. 4g-1, 
‘showing the temperature dependence of'a typical’ metal, nonferrous alloy, ferrous 
alloy, dielectric érystal, arid‘ disordered dielectric. Impurities in the metals or dielec- 
tric crystals will cause a lowering or-removal of the maximum in the conductivity. 
The: values of ‘thermal conductivity given in the following tables are expressed in the 
“unit watts/em deg Kelvin. © =. ie | 
The thermal conductivity of solids at liquid helium (4.2°K), liquid hydrogen (20°K), 
liquid nitrogen (76°K), solid CO, (194°K), and ice (273°K) temperatures are given in 
Tables 4g-14 to 4g-17. The values of conductivity for solids are broken up into four 
main groups: metals, alloys, dielectric crystals, and disordered dielectrics. The 
numbers marked with an asterisk are extrapolated. The author references and more 
exact values may be obtained by referring to National Bureau of Standards Circular 


556. Three survey references to literature and data in this field are: 


Berman, R.: The Thermal Conductivity of Dielectric Solids at Low Temperatures, 
Adv. Physics (suppl. to Phil. Mag.) 2, 103-140 (1953). 

Olsen, J. L., and H. M. Rosenberg: The Thermal Conductivity of Metals at Low 
Temperatures, Adv. Physics 2, 28-66 (1953). 

Powell, R. L., and W. A. Blanpied, The Thermal Conductivity of Metals and 
Alloys at Low Temperatures, Published as Natl. Bur. Standards (U.S.) Circ. 556, 
1954. 
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Tasie 4g-14. THERMAL Conpuctivity oF METALS IN Warts/om °K 


} 


Metal 273°K 
Wi cthis tou 5a deme eo 57. 2.38* 
Sbiciexcs iad ents 0. 0.245 
Be2300e4 2 oe ese eal Hewett 39. 1.57 
Bilod ccd bieeeeta! setae 0.9 0.112 
Cig ce et hee 11. 2. 1.05 
C (graphite)........ 0. 0. 2.51 
(0): Sane ie se Pek afeass 0. 0. 
Co. 0. 2. 
COs sik Gus epee 20. 54. 4.16 
Gaia sateen 24. 6. 
Ge.. 0. 4: 
Au. 17. 15.1 3.11 
NA. anon Onsen b oah 8. 1.8 
| eae ee 5. 19. 
|: ane ree ee 0. 3. 0.82 
Pb. 16. 0. 0.350 
Disciso fe boeitee de cell - Selene ‘5. 0.702 
Mis uctis oGastws bad ae 
Mess cued setae: 13: 1.72 
He cinatecreceees! . PHZ eens 
MGs eect kent eae 1.38 
ING, dass acacia ate cue 0.76 
IN Acie aatcee eal acne 
Pass heer ee wane 
Pte onte teat eas . ; | 0.699 
Ke a end aaadenieoen |. ae ees Tt asinine | 0.990 
Peis Sete ieee ce oo | 2 ee : | | 
AG iis its 5 ee des | 4.17 
NB iets ees 1.40 
WO coceitith cay ek eal a Q.( 0.599 | oe 
f ONG es or Va peitalameels peneeeee. “i '- Bases .. |. 0.084*. |. 0.0215. 0.018 
i) Parnes een bets uae 8. 0.. 0.506 
Sitiss ooesuel cere se TA, 2. 0.666 
db: Renee ee ee nr irr es eer 0. 0. | 
We heh dra Bec ae 0. 54. 1.69 
U... 0. 0. 0.286 
Vek Bede 0. 0. 
Zn. 11.' 7. 1.25 
60. 0. 


* Extrapolated. . | 
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TaBLe 4g-15. THERMAL Conpvuctivity or ALLOYS IN Warts/cm °K — 


SS er panes erlang 


Alloy 4,2°K 20°K 76°K 194°K .| 273°K 

Aluminum: 

Duralumin..............) 2.2... 0.300 0.91 

DOU ine eben eee witead. Wh deh ke 2.41 2.00 2.10 

DS caia: Cup bow danewree el) sadeecoss | ‘aitieet 0.79 1.22 1.49 

(OD ecw aa eee bene seal eC eewee: Wes canes 0.63 1.04 

PAO eee tinnwta kh ee. goltemee, ‘ll wtf éton 0.575 0.99 1.11 
Copper ead. 2 . _ 

Brass os tote en geaeate' wesetee. “d,s Scie. (F -wahese 0.92 1.05 

‘Constantan'40% Ni:....| 0.0091 ||” 0.088 0.190 0.225 |. 0.239 
~ Cu-Au 50.1% Au........) 0 .. wr 0.42 . ~ 1.05 a 

Cu-Ni 10% Ni..........| 0.013 0.155 0.38 : es 

German silver.........-..|- 0.013 0.158 0.168 0.207 0.235 

Manganin........... Moy Past adh ak make Wh staged 0.170 0.209 

PlGtnGid eof acs tudes ceeadae.. VP wedeadeall) aaaes 0.200 0.245 

Silver bronze............ 0.012 0.052 
Ferrous: ' 2% 

Carbon steel SAE 1020. 0.125 0.200* 0.58 0.651 | 0.645 

Stainless. . 0.0027 0.0205 0.082 0.125 0.140 
Nickel: 

Contracid witis cc le oe eaccal 4abo8u 0.0154 0.072 0.095 0.113 
~ Inconel......0..........) 0.0051 | 0.041. | 0.118 | 0.184 | 0.150 

Monel................../ 0.009 0.072 © 0.167 0.197 0.219 
-* Extrapolated..— - 4 ve 


Tas eE. 4g-16. THermMaLt Conpuctiviry or DieLecrric CRYSTALS IN WatTts/cm °K 


oa Fi poteee Be s : 


Crystal 4.2°K . 20°K 76°K 194°K | 273°K 
Alumina:........./ 0.00495 . 0.232 ut SS 0.46 
Beryilla.......... 0.0026 0.155 2.80 | | , 
Diamond......... ' 0.76 16.0 34.0 - 8.6 - 6.59 - 
FOB so hed J ease 1.22 0.488 | 0.140 
WOO 3s eid toe 2.74 1.30 0.370 
Quartz........... 4.20 7.6 0.66. 

Sapphire......... 1.13 35.0 10.9 
i nS 


Taste 4g-17. ToermMat Conpuctiviry or DisoRDERED DIELECTRICS IN MWw/cm °K 
a ee en 


Dielectric 4.2°K | 20°K | 76°K | 194°K | 273°K 
Perspex. ..........0000. 0.575 | 0.74 
Phoenix glass........... 0.92 1.51 3.7 
PYEOK tutte sett al as — Soke 4.6* 8.75 10.2 
Quartz glass...:........ 1.02 1.60 4.85 


* Extrapolated. 


4h. Thermodynamic Properties of Gases 


JOSEPH HILSENRATH 


The National Bureau of Standards 


ee a 


The Thermodynamic Properties of Air, Argon, Carbon Dioxide, Hydrogen, Nitro- 
gen, Oxygen, and Steam. Tables 4h-3 through 4h-37 are an abridged: version of a 
collection of tables computed and published at the National Bureau of Standards.} 
The tables of compressibility and density were computed from equations of state which 
were fitted to the existing PV7 data. In most instances the method of fitting per- 
mitted simultaneous consideration of other experimental data, such as Joule-Thomson 
coefficients, specific heat, and sound-velocity measurements. The tables for entropy, 
enthalpy, and specific heats were obtained by combining these properties of the. ideal 
gas with corrections for the gas imperfection obtained, through the thermodynamic 
identities, from the equation of state. A fuller discussion and more extensive tabula- 
tions in the temperature argument are to be found in the above-cited circular of the 
National Bureau of Standards. b ghea, AX 

The tables are presented in dimensionless form. Conversion factors given in. Tables 
4h-1 and 4h-2 permit ready conversion to some of the more frequently used units. 
Values of the gas constant FR are listed for frequently used units in order to facilitate 
the use of the tables of the compressibility factor in calculating, by means of the equa- 
tion Z = PV/RT, the pressure P, the specific volume V (or density 1/V), or the 
temperature 7, when any two of these are known. The molecular weights given in 
Table 4h-2 permit extension of the tabulated values of # to still other units. 

Pressure entries have been: chosen to facilitate four-point Lagrangian interpolation, 
when linear interpolation is not valid. A convenient rule of thumb for determining 
the adequacy of linear interpolation is the following: ‘The error introduced by linear 
interpolation is approximately g of the second difference.” Where the error greatly 
exceeds the uncertainty of the table, nonlinear interpolation is recommended. — 


TasiEe 4h-1. VaLues or THE Gas Constant & in Various Units 


i LL 


FP Vo. i R 
atm.............| em3/mole °K 82.0567 atm cm’/mole °K 
kg/em?...... ....| em'/mole °K 84.7832 (kg/cm?)cm’/mole °K 
bars*...........| om*/mole °K - 83.1440 bars cm*/mole °K 
mm Hg......... cm?/mole °K =| 62,363.1 (mm Hg)cm*/mole °K 
atm..... a ae ten liters /mole °K ~ 0.0820544 atm liters/mole °K 
kg/cem?...... ....{ liters/mole °K 0.0847809 (kg/cm?) liters/mole °K 
mm Hg wacce cess liters /mole °K 62.3613 (mm Hg) liters/mole °K 
@ticaneasunne ....| {£t3/(b)mole oR 0.730228 atm ft?/mole °R 
mm Hg.........| f£t?/(db)mole oR 


554.973 (mm Hg) ft?/mole °R 


* 106 dynes/cm?’. - 
1 Joseph Hilsenrath et al., Tables of Thermal Properties of Gases, Nail. Bur. Standards 
(U.S8.) Circ. 564, 1955. 
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THERMODYNAMIC PROPERTIES OF GASES 
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TaBLE 4h-3. Compressipitiry Factor ror Air, Z = a 


T, °K 1 atm © 4 atm 7 atm 10 atm 40 atm | 70 atm | 100 atm 
100 0.98090 
200 0.99767 | 0.99067 | 0.98367 | 0.97666 | 0.9080 0.8481 |; 0.8105 
300 0.99970 | 0.99879 | 0.99797 | 0.99717 | 0.99135 0.9900 | 0.9933 
400 1.00019 | 1.00079 | 1.00141 | 1.00205 | 1.00946 | 1.0188 | 1.0299 
500 1.00034 | 1.00137 | 1.00242 | 1.00348 | 1.01454 | 1.0265 | 1.0393 
600 1.00038 | 1.00152 | 1.00267 | 1.00385 | 1.01574 | 1.0281 | 1.0408 
700 1.00038 | 1.00153 | 1.00268 | 1.00385 | 1.01558 | 1.0275 | 1.0397 
s00 | 1.00037 | 1.00148 | 1.00259 | 1.00371 | 1.01493 | 1.0263 1.0379 
900 | 1.00035 | 1.00140 | 1.00246 | 1.00351 1.01411 | 1.0248 | 1.0356 
1000 1.00033 | 1.00132 | 1.00231 | 1.00331 | 1.01325 | 1.0233 | 1.0333 
1100 1.00031 | 1.00124 | 1.00218 | 1.00311 | 1.01245 | 1.0218 | 1.0312 
1200 1.00029 | 1.00117 | 1.00205 | 1.00293 | 1.01170 | 1.0205 | 1.0292 
1300 1.00028 1.00110 | 1.00193 | 1.00275 | 1.01100 | 1.0192 | 1.0275 
1400 1.00026.| 1.00104 | 1.00182 | 1.00259 | 1.01037 1.0181 | 1.0259 
1500 1.00024 | 1.00098 | 1.00171 1.00245 | 1.00978 | 1.0171 | 1.0244 
1600 1.00023 | 1.00094 | 1.00163 | 1.00233 | 1.0093 1.0162 | 1.0232 
1700 1.00023 | 1.00090 | 1.00157 | 1.00223 | 1.0088 1.0154 | 1.0220 
1800 1.00024 | 1.00087 | 1.00152 | 1.00213 | 1.0083 1.0146 | 1.0208 
1900 1.00027 | 1.00085 | 1.00146 | 1.00204 | 1.0079 1.0138 | 1.0198 
2000 | 1.00035 | 1.00085 | 1.00140 | 1.00196 | 1.0076 1.0132 | 1.0188 
2100 1.0006 1.0010 1.0014 1.0019 | 1.0073 1.0126 | 1.0180 
2200 1.0008 1.0010 1.0014 1.0019 1.0070 1.0121 | 1.0172 
2300 1.0014 1.0013 | 1.0016 1.0020 1.0067 1.0116 | 1.0165 
2400 | 1.0023 | 1.0017 1.0019 1.0022 1.0067 1.0113 | 1.0160 
2500 1.0036 1.0024 | 1.0024 1.0026 1.0066 1.0110 | 1.0155 
2600 1.0056 1.0034 1.0031 1.0032 1.0067 1.0108 | 1.0151 
2700 1.0086 1.0048 1.0042 1.0041 1.0068 1.0107 | 1.0148 
2800 1.0124 1.0068 1.0057 1.0053 1.0071 | 1.0108 | 1.0145 
2900 1.0178 1.0096 1.0079 1.0071 1.0079 1.0111 | 1.0147 
3000 1.0252 1.0133 1.0107 1.0095 1.0092 1.0119 | 1.0151 


THERMODYNAMIC PROPERTIES OF GASES 


TaBLE 4h-4. RevativeE DEwsiry or AIR, p/po 


4 atm 


7 atm 


10 atm 


No wow psp 
aS 
en) 
© 


hm mt HO DD DO 
© 
© 
ii 


40 atm 


60.13 


70 atm 


TS | rere | geen | oye Ff 


112. 
64. 
46. 

.23 


37 


66 
34 
89 


4-84 eiutcn, —4,% 228: HEAT |. 


Taste 4h-5. Speciric Heat or Arr, Cp/R 


T,°K | 1 atm 4 atm 7 atm 10 atm | 40 atm | 70 atm | 100 atm 


Ci | rr err err 


100 3.5824 | , 7 
200 3.5062 | 3.5495 | 3.5950 | 3.6427 4.256 5.1382 >| 6.079 
300: | 3.5059 | 3.5220 | 3.5383 3.5546 3.722 3.889: | 4.046 
400 3.5333 | 3.5416 | 3.5500 | 3.55383 3.640. 3.717 | 3.788 
500. | 3.5882 | 3.59382 | 3.5983 | 3.6032 3.652 3.697 — 3.739 
600 3.6626 | 3.6660 | 3.6693 | 3.6726 3.705 3.735 © 3.763 
700 | 3.7455 | 3.7479 | 3.7502 | 3.7525 3.775. 3.797 | 3.817 
800 3.828 3.830 3.832 3.834 3.851 3.867 | 3.882 
900 3.906 - 3.908 3.909 3.910. 3.924 3.9386 | 3.947 
1000. 3.979 3.980. 3.982 3..983 3.993 4.003 4.012 
1100: | 4.046 4.047 4.048. 4.049 4.057. 4.065 4.072 
1200 | 4.109. 4.110 4.111 4.111 4.118 4.125 4.130 
1300 4.171. 4.172 4.172 4.173 4.179. 4.184. | 4.189 
1400: | 4.230 4.231 4.231. 4.232 4.236 4.241 4.245 
1500. | 4.289: | 4.290 4.290 4.290 . 4.294 | 4.298 4.302 
1600 4.352 4,351 4.351 4.351 | 4.354 4.357 | 4.361 
1700° | 4.418 4,414 4:413 4.414 4.416 4.419 4.421 
1800. 4.487 4.480 4.479. 4.478 4,477 4.479. 4.481 
1900 | 4.566 4.549 4.544 4,543 | 4,540: | 4.540 | 4.542 
2000° | 4.662 4.626 4.617 4.613 — 4.603 4.604 4.605 
2100 | 4.781 4,715 4.699 4.692 . 4.674 4.670 | 4.671 
2200: | 4.947 4.823 4.791 4.780 4.745 4.738 «| 4.734 
2300 5.179 4.969 4.918 4.893. 4 828 4.814 4.806 
. 2400 5.484 5.149 5.067. 5.026... 4.922 4,897. 4.886 
2500 | 5.882 5.373 5.247. 5.186. 5.028 4.987 | 4.971 
2600. | 6.40 ~—=6. 661 5.474 5.389 5.152: 5.088 °| 5.062 
2700 7.06 | 6.019: 5.753. 5.634 :: 5:295 | 6.203 +} 5.172 
2800 7.87. 6.455 6.088 5.930 5.467.| 5.341.) 5.297 
2900 8.86: 6.993 6.497 6.300 | 5:668..| 5.496.) 5.434 
5.906 5 


3000 | 9.96. | 7,605 | 6.991. | 6.724. 678 | 5,602 


THERMODYNAMIC PROPERTIES OF GASES 4-85 
TaBLE 4h-6. EntHautpy or Air, (H — Eo°)/RTo 


latm | 4atm 7atm | 10 atm | 40 atm | 70 atm | 100 atm 


 oenReEneneenenesdl (anannmmmmntensnnneintetiemementl (omemmenneneemmeneenenenan th Ramenommenermmmemmnem erage eens ements BE pn nS I ee, 


1.2552 | eo 

2.5465 | 2.5281 2.5094 | 2.4908 | 2.2922 | 2.0794 1.8734 
3.8292 | 3.8204.; 3.8118 | 3.8034 | 3.7194 3.6411 | 3.5699 
5.1167-| 5.1125} 5.1079 5.1039 | 5.0623 5.0252 | 4.9926 
6.4195 | 6.4176 | 6.4154 6.4137 | 6.3951 6.3795 | 6.3670 


4-86 HEAT 
TaBLE 4b-7. Entropy or Arr, S/R 


4 atm ZTatm | 10 atm ~ | 100 atm 


nn a ee re pt eee 


THERMODYNAMIC PROPERTIES OF GASES 4-87 


TaBLe 4h-8. CoMpREssIBILITY Factor For ARGON, Z = PV/RT 


T, °K 1 atm 4 atm 7 atm 10 atm | 40 atm | 70 atm | 100 atm 


a Cf a | A ferret 


200 | 0.99706 | 0.98818 | 0.97923 | 0.97023 | 0.8778 | 0.7838 | 0.6917 
300 | 0.99937 | 0.99750 | 0.99565 | 0.99382 | 0.9773 | 0.9643 | 0.9553 
400 | 0.99998 | 0.99991 | 0.99986 | 0.99982 | 1.0002 | 1.0022 | 1.0057 
500 | 1.00018 | 1.00072 | 1.00127 | 1.00183 | 1.0079 | 1.0147 | 1.0224 
* 600 | 1.00025 | 1.00101 | 1.00178 | 1.00255 | 1.0105 | 1.0190 | 1.0279 
700 | 1.00027 | 1.00111 | 1.00194 | 1.00278 | 1.0113 | 1.0201 | 1.0292 
800 | 1.00028 | 1.00111 | 1.00195 | 1.00279 | 1.0113 | 1.0199 | 1.0288 
900 | 1.00027 | 1.00109 | 1.00191 | 1.00273 | 1.0110 | 1.0194 | 1.0279 
1000 | 1.00026 | 1.00104 | 1.00183 | 1.00261 | 1.0105 | -1.0185 | 1.0265 
1100 | 1.00025 | 1.00100 | 1.00174 | 1.00249 | 1.0100 | 1.0176 | 1.0252 
1200 | 1.00024 | 1.00095 | 1.00166 | 1.00237 | 1.0095 | 1.0167 | 1.0939 
1300 | 1.00023 | 1.00090 | 1.00158.| 1.00225 | 1.0090 | 1.0158 | 1.0226 
1400 | 1.00021 | 1.00085 | 1.00149:| 1.00213 | 1.0085 | 1.0149 | 1.0213 
1500 | 1.00020 | 1.00081 | 1.00142 | 1.00203 | 1.0081 | 1.0142 | 1.6203 
1600 | 1.00019 | 1.00077 | 1.00135 | 1.00193 | 1.0077 | 1.0135 | 1.0193 
1700 | 1.00018 | 1.00073 | 1.00128 | 1.00183 | 1.0073 | 1.0128 | 1.0188 
1800 | 1.00018 | 1.00070 | 1.00123 | 1.00175 | 1.0070 | 1.0123 | 1.0175 » 
1900 | 1.00017 | 1.00067 | 1.00117 | 1.00167 | 1.0067 | 1.0117 | 1.0167 
2000 | 1.00016 | 1.00064 | 1.00111 | 1.00159 | 1.0064 | 1.0111 | 1.0159 
2100 | 1.00015 | 1.00061 | 1.00107 | 1.00153 | 1.0061 | 1.0107 | 1.0153 
2200 | 1.00015 | 1.00058 | 1.00102 | 1.00146 | 1.0088 | 1.0102 | 1.0146 
2300 | 1.00014 | 1.00056 | 1.00098 | 1.00140 | 1.0056 | 1.0098 | 1.0140 
2400 | 1.00014 | 1.00054 | 1.00095 | 1.00135 | 1.0054 | 1.0095 | 1.0135 
2500 | 1.00013 | 1.00052 | 1.00091 | 1.00130: 1.0052 | 1.0091 | 1.0130 
2600 | 1.00013 | 1.00050 | 1.00088.| 1.00125 | 1.0080 | 1.0088 | 1.0195 
2700 | 1.00012 | 1.00048 | 1.00084 | 1.00120 | 1.0048 | 1.0084 | 1.0120 
2800 | 1.00012 | 1.00046 | 1.00081 | 1.00116 | 1.0046 | 1.0081 | 1.0116 
2900 | 1.00011 | 1.00045 | 1.00078 | 1.00112 | 1.0045 | 1.0078 | 1.0112 
3000 | 1.00011 | 1.00043 | 1.00076 | 1.00108} 1.0043 | 1.0076 | 1.0108 
3100 | 1.00011 | 1.00042 | 1.00074 | 1.00105 | 1.0042 | 1.0074 | 1.0105 
3200 | 1.00011 | 1.00041 | 1.00072 | 1.00102 | 1.0041 | 1.0072 | 1 0102 
3300 | 1.00010 | 1.00039 | 1.00069 | 1.00098 | 1.0039 | 1.0069 | 1.0098 
3400 | 1.00010 | 1.00038 | 1.00067 | 1.00096 | 1.0038 | 1.0067 | 1.0096 
3500 | 1.00009 | 1.00037 | 1.00065 | 1.00093 | 1.0037 | 1.0065 | 1.0093 
3600 | 1.00009 | 1.00036 | 1.00063 | 1.00090 | 1.0036 | 1.0063 | 1.0090 
3700 | 1.00009 | 1.00035 | 1.00062 | 1.00088} 1.0035 | 1.0062 | 1.0088 
3800 | 1.00009 | 1.00034 | 1.00060 | 1.00085 | 1.0034 | 1.0060 | 1.0085 
3900 | 1.00008 | 1.00033 | 1.00058 | 1.00083 | 1.0033°| 1.0058 | 1.0083 
4000 | 1.00008 | 1.00032 | 1.00057 | 1.00081 | 1.0032 | 1.0057 | 1.0081 
4100 | 1.00008 | 1.00032 | 1.00055 | 1.00079 | 1.0032 | 1.0055 | 1.0079 
4200 | 1.00008 | 1.00031 | 1.00054 | 1.00077] 1.0031 | 1.0054 | 1.0077 
4300 | 1.00008 | 1.00030 | 1.00053 | 1.00075 | 1.0030 | 1.0053 | 1.0075 
4400° | 1.00007 | 1.00029 | 1.00051 | 1.00073'| 1.0029 | 1.0051 | 1.0073 
4500 | 1.00007 | 1.00028 | 1.00050 | 1.000711 1.0028 | 1.0050 | 1 007] 
4600 | 1.00007 | 1.00028 | 1.00049 | 1.00070 | 1.0028 | 1.0049 | 1.0070 
4700 | 1.00007 | 1.00027 | 1.00048 | 1.00068 | 1.0027 | 1.0048 | 1 0068 
4800 | 1.00007 | 1.00026 | 1.00046 | 1.00066 | 1.0026 | 1.0046 | 1.0066 
4900 | 1.00007 | 1.00026 | 1.00046 | 1.00065:'| 1.0026 | 1.0046 | 1.0065 
5000 | 1.00006 | 1.00025 | 1.00044 | 1.00063 | 1.0025 | 1.0044 | 1.0063 
Sa ee ee es ae ee 
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-TasLE 4h-9, RELATIVE, DENSITY, OF BBEON, p/ po 


iota 


2.79 


‘| 1.3685 |: 


.094092 
090956 


. 088022 
085271 
082688 
. 980256 
077964 


.075798 
.073749 
.071809 
.069968 
.068219 


.066555 
.0649:70 
.063459 
.062018 
. 060640 


.Q59321 
. 858059 
.056850 
0.055689 
0.054576 


4 atm 


12.02 
5.5232 


3.6477 | 


2.7292 | 
2.1816 


1.8175. 
1.5577 | 
1.3630 
1.2116 
1.0905 


0.99136 
0.90879 
0.83893 
0.77904 
0.72714 


0.68172 
0.64164 
0.60601 
0.57414 
0.54544 


0.51949 
0.49589 
0: 47434 
0.45458 
0.43641 


0.41963 
0.40410 
0.38967 
0.37624 
0.36371 


0.35198 
0.34098 
0.33066 
0.32093 
0:31177 


0.30311 
0.29492 
0.28716 
0.27980 
0:27281 


0 ; 26616 
0.25982 


0, 25378 


0.24802 
0.24251 


0.23724 
0.23219 


0. 21826 


ae. 10 atm 


9.754 14.064 | . 
6.3954 | 9.1531 | 37.23 
4.7764 | 6.8237 -| 27. 
3.8157 | 5.4480 | 21. 
3.1781. | 4.53867 | 18. 
2.7237 3.8877 15. 
2.3832 3.4017 13. 
2.1185 3.0239 | 12. 
1.9068 | 2.7219 | 10. 
1: 7336: 2.4747 i 9. 
1.5893. | 2.2688 - 9. 
1.4671. | .2.0945 ~ 8.3 
1.3625. | 1.9451 1. 
1.2717 | 1.8156 . ts 
1.1923. | 1.7023 | 6. 
1.1223 | 1.6023 | 6. 
1: 0600: 1.5134 . 6. 
1.0042 | 1.43839 - 5.7 
0.95408 1.3623 .; b.. 
0.90868 1:2975 © 5.1. 
0.86742 1.2386 . 4.. 
0.79520 | 1.1355 | 4.5) 
0.76342 | 1.0902 4, 
0.73408 | 1.0483 . 4. 
0.70692 1.0095 | 4, 
0.68169 | 0.9735 | 2. 
0.65820 | 0.93997 3. 
0.68628 | 0.90868); 3.6 
0.61576 | 0.87939 3. 
0.59653 0.85193 3. 
0.57847 0.32614) 3.2! 
0.56147 0.80187) . 3.1 
0.54544 | 0.77898 3:. 
0.53030 | 0:75737) | 3..¢ 
0.51597 | 0.73691) ° 2. 
0.50240 | 0.71754 2.4 
0.48953 0.69916 2.74 
0.47730 | 0.68169 2:06: 
0.46567 | 0.66508) 2.! 
0.45458 | 0.64925. 2..: 
0.44402 | 0.63417); 2. 
0.43893 | 0.61977 2. 
0.42429 | 0.60601. 2. 
0.41507 | '0.59284| 2.3: 
0.40625 | 0.58024 2. 
0.39779 0.56816 . 2.: 
0:38967 | 0.55657 | = 2. 
0: 38189 | 0. 54545 2, 


100 atm 


9 | 197.3 


95.22 
67.84 
53.38 


37.88 


: = 
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~Tasie 4b-10. Speciric Heat or Argon, C,/R. 


T,°K | latm | 4atm | 7atm | 10atm | 40 atm | 70 atm | 100 atm 


anata temtentntaatinieeememennmel Dietheneeenteteenemmeeenmnedl ( ceenemermetemnds Ceeeemmmrn ae eee a ea 


100 2.6077 | 3.016 3.55 3 

200 2.5154 | 2.5626 | 2.612 2.663 3.31 4.2 5.2 

300 2.5057 | 2.5230 | 2.5404 | 2.5581 2.74 2.93 3.12 
400 2.5029 | 2.5118 | 2.5206 | 2.5294 | 2.61 2.70 2..79 
500 2.5018 | 2.5071 | 2.5124 | 2.5176 2.570 2.621. 2.670 
~ 600 2.6012 | 2.5047 | 2.5082 | 2.5117 2.546 2.579 2.611 
700 2.5008 | 2.5033 | 2.5058 | 2.5082 2.532 2.555 2.578 
800 2.5006 | 2.5025 | 2.5043 | 2.5062 2.524. 2.541 2.558 
900 2.5005 | 2.5020 | 2.5033 | 2.5047 | 2.519 | 2.531 2.544 
1000 2.5004 | 2.5015 | 2.5026 |; 2.5037 2.515 2.525 2.536 
1100° | 2.5003 | 2.5012 | 2.5021 | 2.5030 2.512: | 2.520 2.528 
1200. | 2.5002. | 2.5010 | 2.5017 | 2.5024 2.510. | 2.516 2.523 
1300 2.5002 | 2.5008 | 2.5014.| 2.5020 2.508. 2.514 2.519 
1400 2.5002 | 2.5007 | 2.5012 | 2.5017 2.507 2.512 2.616 
1500 2.5001 | 2.5006 | 2.5010:| 2.5014 2.506 2.510 2.513 
1600: | 2.5001 | 2.5005 | 2:5009 | 2:5012 2.505: 2.509 2.511 
1700 2.5001 | 2.5004 | 2.5007 | 2:5011 2.504 2.507 | 2.511 
1800 2.5001 | 2:5004 | 2.5006 | 2.5009 2.504 2.506.::| 2.509 
1900 2.5001 | 2.5003 | 2.5006 | 2.5008 2.503 2.506 2.508 
2000 | 2.5001 | 2.5003 | 2.5005 | 2.5007 2.503. 2°505: 2.507 
2100 2.5001 | 2.5002. | 2.5004 .| 2.5006 2.502: | 2.504 2..506 
2200° | 2.5001 | 2.5002 | 2.5004°| 2.5005 2.502: 2.504 -|° 2.505 
2300 2.5000 | 2.5002 | 2.5003 | 2.5005 2.502 2.503 2.505 
2400 | 2.5000 | 2.5002. | 2.5003 | 2.5004 2.502: 2.503: | 2.504 
2500 2.5000 | 2.5002 | 2.5003 | 2.5004 2.502 | 2.503: 2..504 
‘2600 2.5000 | 2.5001 | 2.5002 | 2.5003 2.501. 2..502 2:..503 
2700 2.5000 | 2.5001 | 2:5002-| 2.5003 2.501. | 2.502 2.503 
2800 2.5000 | 2.5001 | 2.5002 | 2.5003 2.501 2.502..|  2::503 
2900 | 2.5000 | 2.5001 | 2.5002 | 2.5003 2.501 | 2.502 2.503 
3000 2:5000 | 2.5001 | 2.5002 | 2.5002 2.501 2.502 2.502 


4-90 | HEAT 
Taste 4h-11. Enraaury or Araon, (H — Eo°)/RT 


T, °K 1 atm 7 atm 10 atm | 40 atm | 7O atm | 100 atm 


i tf TT | | aed (concn nnEnEne Utena 


100 0.8935 0.7413 

200 1.8236 1.7819 1.7606. 1.53 — 1.3 

300 2.7422 2.7217 2.7114 2.610 2.512 2.42 
400 3.6590 3.6476 3.6418 3.586 3.533 3.48 
500 4.5750 4.5686 4.5654 4.535 4.506 4.48 
600 5.4907 5.4874 5.4859 5.471 5.457 5.445 . 
700 6. 4063 6.4052 6.4047 6.400 6.397 6.395 
800. 7.3218 7.3222 7.3226 7.326. | 7.330 7.335 
900 8.2372 8.2388 8.2396 8.249 8.258 8.268 
1000 9.1525 9.1551 9.1564 9.170 9.184 9.198 


10.0712 | 10.0729 | 10.090 10.107 10.125 
10.9871 | 10.9891 | 11.009 11.029 11.049 
11.9029 | 11.9051 | 11.927 11.950 11.972 
12.8186 | 12.8210 | 12.845 12.869..| 12.894 
13.7342 | 13.7367 | 13.763. | 18.788 13.815 


1100 10.0679 
1200 10. 9832 
1300 | 11.8985 
1400: | 12.8138 
1500. | 13.7291 


14.6497 | 14.6524 | 14.680 14.707 14.735 
15.5652 | 15.5680 | 15.597 15.625. | 15.654 
16.4808 | 16.4837 | 16.513 | 16.543 | 16.572 
17.3962 | 17.3992 | 17:4380 17.460 | 17.491 
18.3116 | 18.3147 | 18.346 18.377 18.409 


1600 | 14.6443 
1700 | 15.5595 
1800 | 16.4749 
1900 | 17.3901 
2000 | 18.3053 


19.2269 | 19.2301 | 19.262 19.294 19.326 
20.1423 | 20.1456 | 20.178 | 20.211 | 20.2438 
21.0576 | 21.0609 | 21.094 | 21.127 | 21.160 
21.9729 | 21.9763 | 22.010 | 22.044 | 22.077 
22.8884 | 22.8918 | 22.926 | 22.960 | 22.994 


2100 19.2206 
2200 | 20.1358 
2300 | 21.0510 
2400 | 21.9662 
2500 | 22.8815 


23.8036 | 23.8071 | 23.842 | 23.876 | 23.911 
24.7189 | 24.7224 | 24.757 | 24.792 | 24.827 
25 :6342 | 25.6377 | 25.673 | 25.708 | 25.743 
26.5495 | 26.5530 | 26.589. | 26.624 | 26.659 

27.4647 | 27.4683 | 27.504 | 27.540 | 27.575 


2600 | 23.7967 
2700 | 24.7120 
2800. | 25.6272 
2900 | 26.5424 
3000 | 27.4576 
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 Tasuis 4h-12. Enrrory or Areon, S/R 


T, °K 1 atm 4 atm 7 atm 10 atm | 40 atm | 7O atm | 100 atm 


100 15.8425 | 14.328 13.62 : , = 
200. 17.6069 | 16.2012 | 15.6218 | 15.245 13:64 12.83 | 12.2 
300 18.6245 | 17.2308 | 16.6637 | 16.2995 | 14.8389 | 14.2067 | 13.781. 
400 19.3449 | 17.9548 | 17.3913 | 17.0308 | 15.6067 | 15.0118 | 14.618 
500 19.9032 | 18.5146 | 17.9527 | 17.5937 | 16.1850 | 15.6037 | 15.2261 


© 600° | 20.3593 | 18.9715 | 18.4104 | 18.0522 | 16:6513 | 16.0776 | 15.7072 

700 =| 20.7449 | 19:3575 | 18.7969 | 18.4891 | 17.0426 | 16.4732 —16.1070 
800 | 21.0787 | 19.6917 | 19.1313 | 18.7739 | 17.3802 | 16.8134 | 16.4498 
.,-900. | 21.3733 | 19.9864 | 19.4263 | 19.0690 | 17.6772 | 17.1122 | 16.7503 
1000. | 21.6868 | 20.2500 | 19.6900 | 19.3328 | 17.9423 | 17.3785 | 17.0179 


1100 | 21:8751 | 20:4884 | 19.9285 | 19.5715 | 18.1819 | 17:6190 | 17.2592 
1200 | 22.0926 | 20.7060 | 20.1462 | 19.7892 | 18.4003 | 17.8381 | 17.4789 
1300 | 22.2927 | 20.9062 | 20.3464 | 19.9895 | 18.6010 | 18.0394 | 17.6807 
1400 | 22.4780 | 21.0916 | 20.5318 | 20.1749 | 18.7869 | 18.2256 | 17.8673 
1500 | 22.6505 | 21.2640 | 20.7043 | 20.3474 | 18.9597 | 18.3988 | 18.0408 


1600 | 22.8119 | 21.4254 | 20.8657 | 20.5089 | 19.1214 | 18.5607 | 18.2029 
1700 | 22.9635 | 21.5771 | 21.0174 | 20.6606 | 19.2733 | 18.7128 | 18.3552 
1800 | 23.1064 | 21.7200 | 21.1603 | 20.8035 | 19.4165 | 18.8561 | 18.4987 
1900 | 238.2415 | 21.8551 | 21.2955 | 20.9387 | 19.5518 | 18.9915 | 18.6343 
2000 | 23.3698 | 21.9834 | 21.4238 | 21.0670 | 19.6802 | 19.1201] 18.7630 


2100 | 28.4917 | 22.1053 | 21.5457 | 21.1890 | 19.8022 | 19.2422 | 18,8851 
(2200 =| 23.6080 | 22.2217 | 21.6620 | 21.3053 | 19.9187 | 19.3587 | 19.0017 
2300 | 23.7192 | 22.3329 | 21.7732 | 21.4165 | 20.0299 | 19.4701 | 19.1131 
2400 | 23.8256 | 22.4393 | 21.8797 | 21.5229 | 20.1364 | 19.5766.| 19.2197 
2500 | 23.9276 | 22.5413 | 21.9817 | 21.6249 | 20.2385 | 19.6787 | 19.3218 
2600 | 24.0257 | 22.6394 | 22.0798 | 21.7231 | 20.3366 | 19.7769 | 19,4201 
2700 | 24.1200 | 22.7337 | 22.1741 | 21.8174 | 20.4310 | 19.8713 | 19.5145 
2800 | 24.2109 | 22.8246 | 22.2650 | 21.9083 | 20.5219 | 19.9623 | 19.6055 
(2900 | 24.2987 | 22.9124 | 22.3528 | 21.9961 | 20.6098 | 20.0501 | 19.6934 © 
3000. | 24.3834 | 22.9971 | 22.4375 | 22.0808 | 20.6945 | 20.1349 19,7782 


£92 be Ade Mh ot <= Aap 


Tasie 4h-13. CoMPRESSIBILITY FAcTOR FOR Carson: Dioxipz, Z = PV/RT 


1 atm. 40 atm | 7O atm | 100 atm 
0.99501 0.7611 2 
' | 0.99817 0.9252 0.8697 | 0.8155 
' | 0.99927 ; 0.9721 | 0.9531 0.9365 
0.99975 | Q. : 0.9916. | 0.9874 | 0.9850 
0.99998 : : 1.0008: | 1.0031: | 1.0068 
0001 - 1.0054 1.0108: | 1.0172 
.,0001 ; 1.0079 1.0147 | 1.0224 
.0002 | 1. : 7 ; 1.0092: | 1.0167 | 1.0248 
.0002 1.0098 | 1.0177°'| 1.0260 
.0002 1.0101 1.0181 | 1.0263 
.0002 : PM kes | 1.0102 | 1.0181 1.0262 
-,0002 1. oe a ee | 1.0101 1.0179 | 1.0258 
-: 0002 » : | . ame ‘1 1.0100 | 1.0176. | 1.02538 


7 atm 10 atm. | 40 atm: | 70 atm | 100 atm 
6916 | 6.5637 | 9.582 | 47.52) | | aa 
7329 8095 | 6.909'~ | 29.321 | 54.600 | 83.17 
.1766 .8173 | 5.465 22.327 | 39.848 | 57.937 

1.8104 .1704 | 4.5323 | 18.238 | 32.054 | 45.904 
5503 :7130 | 3.8758 | 15.489 | 27.044 | 38.491 


.38871 | 13.491 | 23.483 | 33.335 
-0088: | 11.962 | 20.793°| 29.483 
} 10.752 | 18.677 | 26.470 
4604 9.768 | 16.963 | 24.038 
2551, 8.952 | 15.544 | 22.028 


.3558 | 2.3719 
2048 | 2.1073 
.0842 | 1.8961 
9855 | 1.7235 
).9034 | 1.5798. 


mnrmnwmwo - 
~y 
S 
D 
© 


8339 | 1.4582 | 2.0816 | 8.262 | 14.348 | 20.335 
7743 3541 | 1.9329 | 7.673 | 13.325 | 18.890 
0.7227 | 1.2638 | 1.8041 | 7.162 | 12.441 | 17.639 
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TasLE 4h-15. Speciric Hear or Carson Dioxipe, C,/R 


T,°K | 1atm 4 atm 7atm | 10atm | 40 atm | 70 atm |.100 atm 
300 | 4.513 | 4.624. | 4.739 | 4.862 | 7.45 | | 
400 | 4.984 5.027 5.070 | 5.115 | 5.615 | 6.225 6.960 
500 | 5.374 | 5.396 | 5.418 | 5.440 | 5.669 | 5.875 | 6.014 
600: 5.696 5.708 | 5.721 5.734 5.873 6.020 | 6.173 
700 | 5.964 | 5.972 | 5.981 | 5.989 | 6.078 |. 6.171 | 6.267 
800 6.188 6.194 6.200 | 6.206 | 6.266 6.326 6.387 
900 6.376 6.380 6.384. | 6.389. | 6.433 6.476 6.518 
1000 | 6.533 | 6.536 | 6.540 °| 6.543 | 6.577 | 6.609 | 6.640 
1100 6.665° | 6.668. 6.671 | 6.674 |. 6.700 6.725 |. 6.749 
1200 | 6.776 | 6.779 | 6.781 | 6.783 | 6.805 | 6.825 | 6.844 


1300 | 6.872 | 6.874 | 6.876 | 6.878 | 6.896 | 6.912 | 6 
1400 | 6.952 | 6.954 | 6.955 | 6.957] 6.972 | 6.986 | 6.999 
1500 | 7.021 | 7.022. | 7.024 | 7.025 | 7.038 | 7.050 | 7 


Taste 4h-16. ENTHALPY OF CARBON Drox1px, (H — E,°)/RT,: 


4 atin 10 atm | 40atm | 70:atm | 100 atm 


ee pT Ne nee , (a) NT ey eee Renee ane eeee gceree eueemeel 


300 4.135 | 4.079 | 4.023 |. 3.965 | 3.25 

400 | 5.876 |: 5.846 | 5.816 | 5.785 | 5.466 | 5.128 | 4.771 
500 7.774 | 7.755 | 7.737 | 7.717 | 7.522 | 7.315 | 7.081 
600 9.802 | 9.789 | 9.777 | 9.764 | 9.635 | 9.497 | 9.333 
700 | 11.938 | 11.929 | 11.921 | 11.912 | 11.824 | 11.729 | 11.609 


14.016 | 13.925 
16.360. |. 16.287 
18.755 | 18.696 
21.197 | 21.147 
23.677 | 23.635 


800 | 14.164.|.14.157.| 14.151. | 14.145 | 14.084 
900 | 16.464 | 16.459 | 16.456 | 16.451 {| 16.409 
1000 | 18.828 | 18.824 | 18.822 | 18.819 | 18.791 
1100 | 21.245 | 21.243 | 21.241 | 21.239 | 21.222 
1200 | 23.706 | 23.704 | 23.704 | 23.703 | 23.695 
1300 | 26.204 | 26.204 | 26.204 | 26.203 | 26.202 | 26.192 | 26.156 
1400 | 28.735 | 28.735 | 28.736 | 28.736 | 28.741 | 28.736 | 28.705 
1500. | 31.293 | 31.294 | 31.295 | 31.296 | 31.306 | 31.305 | 31.279 


» Tasie 4h517.: Entropy or Carson Drioxipe, S/R 
T, °K 1 atm 4 atm 7 atm 10 at 40 atm | 70 atm | 100 atm 


ae nen a enn) ee eS a emenemameenent (eanmmmmmmmnmmemmmnnnnneeeenemmnmememmnemmnct Reopen eneaneeeneeeeeeeare ered 


Temperature,°K — 


Te | 
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mnaa 
Ht 
L/L 
pe La 
WW KAJ Ls 
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Fig. 4h-1. Temperature-entropy diagram for helium. (Zelmanov.) 
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TaBLE 4h-18. ComMprEssIBILITyY FACTOR FOR HyproGen, Z = PV/RT 


T, °K 1 atm 4 atm 7 atm 10 atm | 40 atm | 70 atm | 100 atm 


| nr | | nme fe ff 


1.0174 
100 9998 9992 9987 9983 1.0029 1.0222 1.0560 
120 0003 0012 0021 0030 1.0176 1.0405 1.0726 
140 1.0005 1.0020 1.0036 1.0052 1.0243 1.0488 1.0786 
160 1.0006 1.0024 1.0043 1.0062 1.0271 1.0516 1.0798 
180 1.0007 1.0028 1.0048 1.0067 1.0283 1.0523 1.0785 
200 1.0007 1.0028 1.0048 1.0068 1.0283 1.0513 1.0760 
220 1.0007 1.0028 1.0048 1.0067 1.0276 1.0497 1.0730 
240 1.0007 1.0027 1.0047 1.0066 1.0269 1.0480 1.0698 
260 1.0006 1.0024 1.0044 | 1.0064 1.0259 1.0459 1.0667 
280 1.0006 1.0024 1.0042 1.0061 1.0247 1.0439 1.0636 
300 1.0006 1.0024 1.0042 1.0059 1.0238 1.0420 1.0607 
320 1.0006 1.0024 1.0041 1.0057 1.0229 1.0402 1.0579 
340 1.0005 1.0021 1.0037 1.0054 1.0217 1.0384 1.0553 
360 1.0005 1.0020 1.0036 1.0052 1.0209 1.0367 1.0529 
380 1.0005 1.0020 1.0035 1.0050 1.0201 1.0353 1.0507 
400 1.0005 1.0020 1.0034 1.0048 1.0193 1.0339 1.0486 
420 1.0005 1.0019 1.0033 |. 1.0046 1.0185 1.0325 1.0466 
440 1.0004 1.0017 1.0030 1.0045 1.0180 1.0314 1.0448 
460 1.0004 1.0016 1.0029 1.0043 1.0172 1.0301 1.0431 
480 1.0004 1.0016 1.0028 1.0041 1.0165 1.0289 1.0415 
500 1.0004 1.0016 1.0028 1.0040 1.0160 1.0280 1.0400 
520 1.0004 1.0016 1.0028 1.0039 1.0155 1.0271 1.0385 
540 1.0004 1.0016 1.0026 1.0037 1.0148 1.0260 1.0372 
560 1.0004 1.0015 1.0026 1.0036 1.0144 1.0252 1.0360 
580 1.0003 1.0013 1.0024 1.0035 1.0140 1.0244 1.0348 
600 1.0003 1.0012 1.0023 1.0034 1.0136 1.0237 1.0337 


4-96 a HEAT 


Tapie 4h-19. Revarive Densrry or HyprocEn, p/po 


T, °K 1 atm 4 atm 7 atm 10 atm | 40 atm 70 atm | 100 atm 


Sas earth cel I Se a ee ee ee 


40 6.9408 | 29.195 | 54.029 82.160 
60 4.5761 | 18.552 | 32.905 | 47.632 484.88 
— 6-80 3.4214 13.740 | 24.138. | 34.609 335 . 82 
~ 100 2.7338 | 10.942 19.158 | 27.379 258.83 
-120 2.2771 9.0999 | 15.910 | 22.709 212.36 
140. 1.9514 7.7937 | 13.617 19.422 181.01 
160 1.7073 6.8167 | 11.907 16.978 158.21 
180° | 1.5174. 6.0569 | 10.578 15.084 140.80 
200 1.3657 5.4512 | 9.5206 | 13.574 127.01 
220 1,2415> 4.9557 | 8.6551 | 12.341 115.79 
240 1.1381 4.5431 7.9347 | 11.314 106.46 
260 1.0506 4.1949 | 7.3265 | 10.446 98 .553 
280 0.97559 3.8953 6.8045 | 9.7026 91.780 
300 0.91055 3.6356 | 6.3509 9.0575 85. 896 
320 0.85364 | 3.4084 | 5.9546 | 8.4931 80.740 
340. 0.80351 3.2088 | 5.6065 | 7.9959 76.178 
— 360 0.75887 3.0309 | 5.2956 | 7.5532 72.110 
380 | 0.71893 2.8714 5.0174 | 7.1571 68.458 
400. | 0.68298 | 2.7278 | 4.7670 | 6.8006 65.165 
420 0.65046 | 2.5982 | 4.5404 | 6.4780 62.181 
440 | 0.62095 | 2.4806 | 4.33853 6.1842 59.457 
460 | 0.59396 | 2.3729 | 4.1473 5.9165 56.964 
480 0.56921 2.2741 3.9749 5.6711 54.675 
~ 800 0.54644 | 2.1831 3.8159 5.4448 52.563 
520 0.52542 | 2.0991 3.6691 5.2359 50.615 
540 0.50596 2.0214 | 3.5339 5.0430 48 .801 
. §60 0.48789 1.9494 | 3.4077 4.8634 47.113 
. 580 0.47112 1.8826 | 3.2908 | 4.6961 45.541 
1.8200 | 3.1815 | 4.5400 


600. | 0.45541 
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Tasie 4h-20. Speciric Hear or Hyprocen, C,/R 


0 atm 1 atm 100 atm 
2.500 

2.501 2.564 — 

2.519 2.544 — 3.957 

2.591 2.605 3.564 

2.714 2.722 . 3.295 


2.857 2. 862 3.242 
2.993 2.996 3.264 
3.108 3.111 - 3.326 
3.204 3.206 3.377 
3.280 3.282 — 3.413 
3.340 3.341 3.454 
3.387 3.388 3.486 
3.424 3.425 3.504 
3.450 | 3.451 3:516 
3.469 (3.470 3.526 
3.483 | 3.484 3.532 
3.494 ~ 3.495 ~ 3.536 
3.501 3.502 3.539 
3.507 | 3.508 3.539 
3.510 3.511 3.539 
3.513 3.514 3.539 
3.515 3.516 3:938 
3.516 3.517 3.938 
3.518 3.518 3.537 
3.519 3.519 3.536 
3.521 3.521 3: 536 
3.522 (3.522 3.536 
3.524. 3.524 3.536 
3.525 (3.525 3.536 
3.527 3.527 3.536 


4-98 HEAT 
Tante 4h-21. EnrHaupy or Hyprocen, (H — E,°)/RT 


10 atm 100 atm 


60 1. iP 0.9833 | 0.7818 
80 1. 1. 1.1837 | 1.0577 
100 1. 1. 1.3852 | 1.3059 
120 1. 1. 1.5936 | 1.5449 
140 1. Hi, 1.8108 | 1.7825 
160 2. 2. 2.0365 | 2.0234 
180 2. 2. 2.2695 | 2.2690 
200 mn 2 2.5083 | 2.5178 
220 2. 2. 2.7519 | 2.7692 
240 2. 2. 2.9993 | 3.0236 
260 3. 3. 3.2495 | 3.2792 
280 3. 3. 3.5017 | 3.5363 
300 3. 3. 3.7556 | 3.7941 
320 4. 4, 4.0106 |. 4.0525 
340 4, 4, 4.2664 | 4.3114 
360 4. 4, 4.5229 | 4.5705 
380 4. 4, 4.7797 | 4.8296 
400 5. 5. 5.0368 | 5.0887 
420 5. 5. 5.2941 | 5.3478 
440 5. 5. 5.5516 | 5.6067 
460 5. 5. 5.8091 | 5.8659 
480 6. 6. 6.0669 | 6.1249 
500 6. 6. 6.3246 | 6.3839 
520 6. 6. 6.5824 | 6.6427 
540 6. 6. 6.8404 | 6.9015 
560 7.0984 | 7.1606 
580 7.3565 | 7.4194 
600 7.6147 | 7.6784 
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TaBLE 4h-22. Enrropy or Hyprocen, S/R 
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10 atm 100 atm 
8.535 5.557 
9.324 6.642 
9.937 7.400 

10.456 7.996 

10.913 8.496 

11.324 8.935 

11.699 9.331 

12.043 9.688 

12.359 ~ 10.015 

12.653 10.317 

12.926 10.596 

13.182 10.857 

13.421 11.100 

13.646 11.328 

13.858 11.542 

14.058 11.744 

14.248 11.936 

14.428 12.117 

14.600 -| 12.290 

14.763 12.454 

14.919 12.612 

15.069 12.762 

15.213 12.906 

15.352 13.046 

15. 484 13.179 

15.612 13.308 

15.736 13.431 

15.856 13.552 
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Fig. 4h-2. Temperature-entropy diagram for hydrogen. (Woolley, Scott, and Brickwedde.) 
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4-103 


TaBLE 4h-23. CoMprREssIBILITY Factor ror Nirrocen, Z = PV/RT 


T, °K 


100 
200 
300 
400 
500 


600 
700 
800 
900 
1000 


1100 
1200 
1300 
1400 
1500 


1600 


1700 
1800 
1900 
2000 


2100 
2200 
2300 
2400 
2500 


2600 
2700 


0 
0 


ee feted fk fee pk ee —eS © 


a ae 


1 atm 


.981 

. 99788 
. 99982 
.00028 
.00041 


.00044 
.00043 
.00041 
.00038 
. 00036 


. 0003 4 
.00032 
.00030 
.00028 
. 00026 


.00025 
.00024 
. 00022 
.00021 
. 00020 


.00019 
.00018 
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.00016 
.00015 
.00015 
.00014 
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— et © 


fom feel pk faked el 


ee ee 


Frm fem fee fee eed 


4 atm 


. 909 

. 99150 
. 99930 
.00113 


.00164 


00174 
.00171 
.00163 
.00154 
.00144 


.00135 
.00126 
.00119 
.00112 
.00105 


.00100 
.00094 
.00089 
.00085 
.00081 


.00077 
.00074 
.00070 
.00068 
.00065 


.00062 
.00060 
.00058 
00056 
00054 


0 
0 


feed feck fame fem ed en a ee bot et CD 


TO a 


7 atm 


. 183 

. 98514 
. 99882 
.00201 
.00289 


.00306 
.00301 
. 00286 
.00269 
.00252 


.00236 
.00221 
.00208 
.00195 
.00184 


.00174 
.00165 
.00156 
.00148 
.00141 


.00135 
.00129 
.00123 
.00118 
-00113 


.00109 
.00105 
.00102 
00097 
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10. atm 


es a a ee 


rai ore oe 


40 atm 


en ee ee os ee ee ee 


pombe fash fmm feed 


70 atm 


0.8705 
0.9984 


fmt fom fe feel feed el oe a 


ee 
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.0313 


.0320 
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.0255 
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.0196 : 
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.0175 
.0165 
.0156 
.0148 
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.0135 
.0129 
.0123 
.0118 
.0113 


.0109 
.0105 
.0102 


0097 
0095 


100 atm 
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TaBLE 4h-24, RevativE Densiry or NITROGEN, p/po 


T, °K 1 atm 4 atm 7atm | 10atm | 40 atm | 70 atm | 100 atm 


anne | a Le 


100 | 2.783 12.010 | 24.40 ~ 
200 1.36809 | 5.50755} 9.7004 | 13.947 59.45 109.77 161.7 
— 300)=«| 0.91029 | 3.64304) 6.3783 9.1160 | 36.543 63.810 | 90.523 
400 | 0.68240 | 2.72729; 4.76856] 6.8061.| 26.955 46.625 | 65.741 
5600 «| 0.54585 | 2.18072) 3.81150) 5.4882 | 21.472 37.065 52..200 
600 | 0.45486 | 1.81708} 3.17571) 4.5307 | 17.881 30.866 | 43.484 
700 | 0.38989 | 1.55755| 2.72218] 3.8838 | 15.334 26.485 | 37.339 
800 | 0.34116 | 1.36296) 2.38226) 3.3990 | 13.429 23.212 | 32.754 
° 900 | 0.30326 | 1.21163} 2.11792) 3.0223 | 11.949 20.673 | 29.195 
1000 | 0.27294 | 1.09058} 1.90645; 2.7206 | 10.765 | 18.631 | 26.342 
1100 | 0.24813 | 0.99152} 1.73342) 2.4737 9.796 16.971 | 24.003 
1200 | 0.22746 | 0.90898; 1.58920; 2.2681 | 8.987 15.579 | 22.049 
1300 . | 0.20997 | 0.83912) 1.46715; 2.0940 8.302 14.401 20.393 
1400 | | 0.19497 | 0.77923! 1.36253) 1.9448 7.714 13.389 18.971 
1500. | 0.18198 | 0.72733) 1.27183] 1.8155 7.205 12.510 17.734 
1600 | 0.17061 | 0.68191} 1.19246) 1.7022 6.758 11.739.| 16.648 
1700. (| 0.16057 | 0.64184) 1.12242; 1.6023 6.364 11.060 15.690 
1800 | 0.15165 | 0.60621; 1.06016/ 1.51385 6.014 10.455:-| 14.837 
1900 ‘| 0.14867 | 0.57433] 1.00444) 1.4840 5.699 9.912 14.072 
2000 : | 0.13649 | 0.54563] 0.95428) 1.3625 5.416 9.423 13.381 
2100 | 0.12999 | 0.51967| 0.90890| 1.2977 5.161 8.980 | 12.755 
2200 || 0.12409 | 0.49606| 0.86763; 1.2388 4.927 | °8.576 12.186 
2300 | 0.11869 | 0.47451; 0.82996; 1.1850 4.715 8.208 | 11.665 
2400 :| 0.11375 | 0.45475} 0.79542] 1.1357 4.519. 7.870 | 11.187 
2500 | 0.10920 | 0.43658} 0.76364) 1.0904 4.340 7.559 10.747 
2600 | 0.10500 | 0.41980} 0.73430; 1.0485} 4.174 7.271 10.340 
2700 | 0.10111} 0.40426; 0.70713: 1.0097 4.020 7.005 9.963 
2800 | 0.09750 | 0.38983} 0.68190} 0.9737 3.878 6.757 9.611 
2900 | 0.09414 | 0.37639| 0.65842) 0.9402 3.745 6.527 9.286 
3000 | 0.09100 | 0.36385| 0.63648) 0.9089 3.620 6.310 8.980 


THERMODYNAMIC PROPERTIES OF GASES 4-105 


Tasie 4h-25. Speciric Hear or NirrocENn, C,/R — 


7atm:.| 10 atm 40 atm 70 atm | 100 atm 


ee ee ec eanennaReEnmenamammenmmemennaeeseanl Weenunamenenancmesaancsaamagensa=aaaceen cane Cems ccm eee soe eee 0 


latm | 4atm 


3.613 | be 
3.5146 | 3.5569 | 3.6009 | 3.6466 | 4.1865 | 4.860 5.64 
3.5083 | 3.5243 | 3.5404 | 3.5565 | 3.7195 | 3.878 4,021 
3.5207 | 3.5289 | 3.5872 | 3.5454 | 3.6260 | 3.7023 | 3.773 
3.5595 | 3.5645 | 3.5694 | 3.5744 | 3.6225 | 3.6680 | 3.7104 
3.6225 | 3.6258 | 3.6292 | 3.6324 | 3.6642 | 3.6944.| 3.7229 
3.6998 | 3.7021 3.7045 | 3.7067 | 3.7293 | 3.7506 | 3.7709 
3.7812 | 3.7829 | 3.7846°| 3.7863 | 3.8029 | 3.8188 | 3.8338 
3.8600 | 3.8614 | 3.8627 | 3.8640 | 3.8766 | 3.8888 | 3.9004 
3.9329 | 3.93840 | 3.9350 | 3.9361 3.9460 | 3.9556 | 3.9647 
3.9985 | 3.9993 | 4.0001 | 4.0010 | 4.0089 | 4.0166 | 4.0239 
4.0564 | 4.0571 4 0578 | 4.0584 | 4.0649°| 4.0712 | 4.0772 
4.1074 | 4.1079 | 4.1085 | 4.1091.| 4.1144: | 4.1197 | 4.1247 
4.1520 | 4.1524 | 4.1529 | 4.1533 | 4.1578 | 4.1621. | 4.1663 
4.1910 | 4.1914 | 4.1918 | 4.1922 | 4.1960°| 4.1995 | 4.2031 
4.2253 | 4.2256 | 4.2260 | 4.2263 | 4.2295 | 4.2326 | 4.2356 
| 4.2555 | 4.2558 | 4.2561 | 4.2563. | 4.2591 | 4.2618 | 4.2644 
| 4.2822 | 4.2824 | 4.2827 | 4.2829 | 4.2852 | 4.2875 | 4.2896 
4.3058 | 4.3060 | 4.3062 | 4.3064 | 4.3084. | 4.3103 | 4.3122 
| 4.3269 | 4.3270 | 4.3272 | 4.3274 | 4.3292 | 4.3309 | 4.3325 
4.3458 | 4.3459 | 4.3461 | 4.3462 | 4.3478 | 4.8492 | 4.3507 
4.3627 | 4.3629 | 4.3630 | 4.3632: | 4.3645 | 4.3658 | 4.3671 
4.3780 | 4.3782 | 4.3783 | 4.38784 | 4.3796 | 4.3807 | 4.3818 
4.3920 | 4.3921 4.3922 | 4.3924 | 4.39384 | 4.3944 | 4.3953 
4.4047 | 4.4048 | 4.4049 | 4.4050 | 4.4059 | 4.4068 | 4.4076 
4.4165 | 4.4166 | 4.4174] 4.4182 | 4.4189 
4.4272 | 4.4272 | 4.4280 | 4.4287 | 4.4293 
4.4370 | 4.4371 4.4377. | 4.4384 | 4.4389 
4.4461 4.4462 | 4.4467 | 4.4473 | 4.4478 
4 4 4 


.4546 4547 | 4.4551 4.4556 .4561 


4-106 : HEAT 
TasLE 4h-26. Enruaupy or Nirrocen, (H — Ey°)/RT5 


T, °K 1 atm 4 atm 7 atm 10 atm | 40atm | 7O atm | 100 atm 


ee a a atta tierra Serer fetter ime en a 


100 1.2589 

200 2.5935 2.5358 | 2.5179 2.4999 2.3140 2.125 1.94 
300 3.8385 3.8302 3.8221 3.8140 3.7351 3.662 3.596 
400 5.1244 | 5.1203 5.1164 | 5.1125 5.0756 | 5.0426 5.013 
- 600 6.4194 6.4178 | 6.4162 6.4147 6.4005 | 6.3891 6.3802 


2900 43.0160 | 43.0206 | 43.0252 | 43.0298 | 43.0758 | 43.1218 43.1678 
3000 | 44.6452 | 44.6499 | 44.6545 | 44.6591 | 44.7053 | 44.7514 | 44.7976 


ener rr penne ene EE LL LS 


THERMODYNAMIC PROPERTIES OF GASES 4-107 


TABLE 4h-27. Enrrory or Nirrocen, S/R 


T, °K 1 atm 4 atm 7 atm 10 atm 40 atm 70 atm | 100 atm 


nN, Sn cand lanemmmasssesmemsmmeeneeeeents [nnmiunensnnenemneeeneennt leanennnnnemenmenmnmememaneed 


200 | 21.6249 | 20.2208 | 19.6431 | 19.2682 | 17.6905 | 16.932 16.382 
300 | 23.0482 | 21.6549 | 21.0884 | 20.7248 | 19.2706 | 18.6461 | 18.230 
‘400 | 24.0586 | 22.6687 | 22.1055 | 21.7454 | 20.3246 | 19.7322 | 19.3448 
500 | 24.8479 | 23.4595 | 22.8977 | 22.5390 | 21.1322 | 20.5532 | 20.1781 


600 | 25.5020 | 24.1144 | 23.5534 | 23.1953 | 21.7958 | 21.2236 | 20.8548 
700 | 26.0662 | 24.6790 | 24.1184 | 23.7607 | 22.3654 | 21.7970 | 21.4319 
800 | 26.5656 | 25.1786 | 24.6183 | 24.2609 | 22.8682 | 22.3022 | 21.9396 
* 900 | 27.0154 | 25.6286 | 25.0685 | 24.7113 | 23.3203 | 22.7561 | 22.3949 
1000 | 27.4260 | 26.0393 |. 25.4793 | 25.1223 | 23.7323 | 23.1693 | 22.8094 


1100 =| 27.8039 | 26.4173 | 25.8574 | 25.5004 | 24.1114 | 23.5491 | 23.1899 
1200 | 28.1543 | 26.7678 | 26.2080 | 25.8511 | 24.4627 | 23.9010 | 23.5424 
1300 | 28.4811 | 27.0947 | 26.5349 | 26.1780 | 24.7901 | 24.2289 | 23.8707 
1400 | 28.7872 | 27.4007 | 26.8410 | 26.4842 | 25.0965 | 24.5357 | 24.1779 
1500 | 29.0751 | 27.6887 | 27.1290 | 26.7721 | 25.3848 | 24.8242 | 24.4666 


1600 | 29.3467 | 27.9603 | 27.4006 | 27.0438 | 25.6567 | 25.0964 | 24.7390 
1700 | 29.6037 | 28.2173 | 27.6577 | 27.3009 | 25.9140 | 25.3537 | 24.9965 
1800 | 29.8477 | 28.4613 | 27.9017 | 27.5449 | 26.1582 | 25.5981 | 25.2410 
1900 | 30.0799 | 28.6936 | 28.1339 | 27.7772 | 26.3905 | 25.8306 | 25.4736 
2000 | 30.3013 | 28.9150 | 28.3553 | 27.9986 | 26.6120 | 26.0522 | 25.6953 


2100 =| 30.5129 | 29.1266 | 28.5670 | 28.2102 | 26.8238 | 26.2640 | 25.9072 
2200 | 30.7154 | 29.3291 | 28.7695 | 28.4128 | 27.0264 | 26.4667 | 26.1100 
2300 | 30.9097 | 29.5234 | 28.9638 | 28.6071 | 27.2207 | 26.6611 | 26.3043 
(2400 | 31.0963 | 29.7100 | 29.1504 | 28.7937 | 27.4074 | 26.8478 | 26.4911 
2500 | 31.2759 | 29.8896 | 29.3300 | 28.9733 | 27.5870 | 27.0275 | 26.6708 


2600 | 31.4488 | 30.0625 | 29.5029 | 29.1462 | 27.7600 | 27.2004 | 26.8438 
2700 | 31.6157 | 30.2294 | 29.6698 | 29.3131 | 27.9269 | 27.3674 | 27.0108 
2800 | 31.7769 | 30.3906 | 29.8310 | 29.4743 | 28.0882 | 27.5287 | 27.1721 
2900° | 31.9327 | 30.5464 | 29.9868 | 29.6301 | 28.2440 | 27.6846 | 27.3280 
3000 | 32.0836 | 30.6973 | 30.1377 | 29.7810 | 28.3949 | 27.8355 | 27.4790 


4-108 , HEAT 


TaBLE 4h-28. CoMPRESSIBILITY FacTroR FOR OxyGEN, Z = PV/RT 


T, °K 1 atm. 4 atm 7 atm 10 atm | 40 atm | 70 atm | 100 atm 


error Serres fp rrerysermewwremenroveueectninsmmnmmmmmmmmas cet eg Do entaeeEEEEEEnannnietenmeeemmentl Canmmemmmemencmnemmmammerenemenmamenesn anal (enanmaneeenaemmneneneeancarneeaneenecmenaallt Weananetneente ner menrneee eng tk eneeeeee ema ee ete 


0.97724 7 | 4 

200 | 0.99701 | 0.98796 | 0.97880 | 0.96956 | 0.8734 0.7764 | 0.6871 
300 | 0.99939 | 0.99759 | 0.99580 | 0.99402 | 0.97731 | 0.9636 | 0.9541 
400 1.00001 {| 1.00006 | 1.00012.; 1.00019 | 1.00161 | 1.0042 | 1.0079 
500 1.00022 | 1.00088 | 1.00154 | 1.00222 | 1.00942 | 1.01738 1.0256 
600 1.00029 | 1.00116 | 1.00204 | 1.00292 | 1.01205 | 1.0216 | 1.0314 
700 1.00031 | 1.00124 | 1.00218 | 1.00312 | 1.01275 | 1.0227 1.03828 
800 1.00031 | 1.00124 | 1.00218 | 1.00311 | 1.01265 | 1.0224 | 1.0323 
900 1.00030 |; 1.00121 | 1.00211 | 1.00302 | 1.01223 | 1.0216 | 1.03812 
1000 1.00029 | 1.00115 | 1.00202 | 1.00288 | 1.01167 | 1.0206 | 1.0296 
1100 1.00027 | 1.00109 | 1.00192 | 1.00274 | 1.01107 | 1.0195 | 1.0281 
1200 1.00026 | 1.00104 | 1.00182 | 1.00260 | 1.01047 | 1.0184 1.0265 
1300 | 1.00025 | 1.00098 | 1.00172 | 1.00246 | 1.00991 | 1.0174 | 1.0250 
1400 | 1.00023 | 1.00093 | 1.00163 | 1.00233 | 1.00938 | 1.0165 1.0237 
1500 | 1.00022 | 1.00088 | 1.00155 | 1.00221 | 1.00890 | 1.0156 1.0224 
1600 | 1.00021 | 1.00084 | 1.00147 | 1.00210 | 1.00845 | 1.0149 1.0213 
1700 1.00020 | 1.00080 | 1.00140 | 1.00200 | 1.00803 | 1.0141 | 1.0202 
1800 | 1.00019 | 1.00076 | 1.00133 | 1.00190 ; 1.00765 | 1.0134 1.0193 
1900 1.00018 |; 1.00072 | 1.00127 | 1.00181 | 1.00728 | 1.0128 | 1.0183 
2000 1.00017 | 1.00069; 1.00121 | 1.00173} 1.00696 | 1.0122 1.0175 
2100 | 1.00017 | 1.00066 | 1.00116 | 1.00166 | 1.00666 | 1.0117 1.0167 
2200 1.00016 | 1.00063 | 1.00111 | 1.00159 | 1.006388 | 1.0112 1.0161 
2300 | 1.00015 | 1.00061 | 1.00107 | 1.00152 | 1.00610.; 1.0107 1.0153 
2400 1.00015 | 1.00058 | 1.00102 | 1.00146 | 1.00586 | 1.0103.| 1.0147 
2500 | 1.00014 | 1.00056 | 1.00098 | 1.00141 | 1.00564 | 1.0099 1.0142 
2600 | 1.00014 | 1.00054 | 1.00095 | 1.00135 | 1.00543 | 1.0095 1.0136 
2700 | 1.00013 | 1.00052 | 1.00091 | 1.00130 | 1.00523 | 1.0092 1.0131 
2800 | 1.00013 | 1.00050 | 1.00088 | 1.00126 | 1.00505 | 1.0089 | 1.0127 
2900 1.00012 | 1.00049 | 1.00085 | 1.00122 | 1.00488 | 1.0086 1.0122 
3000 | 1.00012 | 1 1.00082 | 1.00117 | 1.00471 | 1.0083 | 1 


.00047 : .0118 


THERMODYNAMIC PROPERTIES OF GASES 4-109 


TABLE 4h-29. RELATIVE DENSITY OF OXYGEN, p/po 


T, °K 1 atm . | 4 atm Zatm | 10 atm | 40 atm 70 atm | 100 atm 


reeset ein re | a | pecan rene renee ncn | eee eae eeentetatttame fj eesti 


100 | 2.79257 7 | | : 
200 | 1.36860 | 5.5245 | 9.7584 | 14.073 62.4 123 198.5 
300 =| 0.91023 | 3.6474 6.39455 | 9.151 a7 .231 66.082 | 95.34 
400 | 0.68225 | 2.72885 | 4.77519 | 6.8212 | 27.246 47.557 67.69 
500 | 0.54568 | 2.18129 | 3.81474 | 5.4459 | 21.628 37.556 | 53.217 
600 | 0.45470 | 1.81723. | 3.17736.| 4.5351 | 17.9767 31.165 | 44.098 
700 | 0.38974 | 1.55750 | 2.72307 | 3.8864 | 15.3980 | 26.684 | 37.747 
800 | 0.34102 | 1.386282 | 2.38269 | 3.4006 | 13.4746 23.355 | 33.045 
900 =| 0.30313 | 1.21143 | 2.11809 | 3.0231 | 11.9823 20.776 | 29.404 
1000 | 0.27282 | 1.09035 | 1.90646 | 2.7211 | 10.7901 18.717 26.505 
1100 | 0.24802 | 0.99129 | 1.73331 | 2.4741 9.8150 | 17.034 | 24.131 
1200 | 0.22736 | 0.90872: | 1.58903 | 2.26828} 9.0024; 15.631 22.154 
1300 | 0.20987 | 0.83887 | 1.46694 | 2.09409; 8.3145 14.443 20.480 
1400 | 0.19488 | 0.77899 | 1.36228 | 1.94476] 7.7247 13.423 19.041 
1500 | 0.18189 | 0.72710 | 1.27157 | 1.815383; 7.2131 12.539 17.794 
1600. | 0.17053 | 0.68168 | 1.19219 | 1.70206) 6.7653 11.764 16.700 
1700 | 0.16050 | 0.64161 | 1.12214 | 1.60210} 6.3700 11.080 15.735 
1800 | 0.15158: | 0.60599 | 1.05987 | 1.51324} 6.0184 10.472 14.874 
1900 | 0.14861 | 0.57412 | 1.00415.; 1.438373) 5.7037 9.927 | 14.105 
2000 | 0.13643 | 0.54543 | 0.95400 | 1.36215) 5.4202 9.486 | 13.410 
2100 | 0.12993 | 0.51947 | 0.90862.| 1.29737) 5.1637. 8.991 | 12.781 
2200 | 0.12403 | 0.49587 | 0.86736 | 1.23849) 4.9303 8.587 12.208 
2300 | 0.11863 | 0.47432 | 0.82968 | 1.18473] 4.7173 8.217 11.686 
2400 | 0.113869 | 0.45457 | 0.79515 | 1.13543) 4.5218 7.878 | 11,206 
2500 | 0.10915 | 0.43640 | 0.76337 | 1.09007} 4.3419 7.566 -| 10.763 
2600 | 0.10495 | 0.41962 | 0.73404 | 1.04820| 4.1758 7.278 10.355 
2700 | 0.10106 | 0.40409 | 0.70688 | 1.00943| 4.0219 7.010 9.976 
2800 | 0.09745 | 0.38966 | 0.68165 | 0.97342) 3.8790 6.762 9.624 
2900 : | 0.09409 | 0.37623: | 0.65817 | 0.93989| 3.7458. 6.531 | 9.296 
3000 | 0.09096 | 0.36370 | 0.63625 | 0.90861; 3.6216 6.315 8.990 | 


4-110 | HEAT 


TaBLE 4h-30. SPEcIFIc HEAT OF OxyYGEN, C,/R 


freee 1 atm 4 atm 7 atm 10 atm | 40atm | 70 atm | 100 atm 


i | citer enenensmiiasnaee | erent it | einai | neuen | ae fA bearer 


200 3.519 3.5681 3.6196 | 3.6739 4.415 5.66 7.6 
300 3.9403 3.5584 | 3.5766 | 3.5951 3.7862 3.981 4.165 
400 3.6243 3.6335 | 3.6427 | 3.6520 | 3.7453 3.836 3.921 
500 3.7415 3.7470 | 3.7526 | 3.7582 | 3.8134 | 3.8677 3.920 
600 3.8611 3.8648 | 3.8685 | 3.8722 | 3.9087 | 3.9445 3.980 
700 3.9681 3.9707 | 3.9733 | 3.9759 | 4.0016 | 4.0266 4.052 
800 4.0583 4.0603 | 4.0622 | 4.0641 4.0830 | 4.1017 | 4.120 
900 4.138382 | 4.1847 | 4.1361 4.13876 | 4.1521 4.1664 4.180 
1000 4.1952 | 4.1964 | 4.1975 | 4.1987 | 4.2101 4.2213 4.232 
1100 4.2472 | 4.2481 4.2491 4.2500 | 4.2591 4.2681 4.277 
1200 4.2915 | 4.2922 | 4.2930 | 4.2937 | 4.3012 | 4.3085 4.316 
1300 4.3302 | 4.3308 | 4.3315 | 4.3321 4.3382 4.3442 4.350 
1400 4.3653 4.3658 | 4.3663 | 4.3669 | 4.3721 4.3771 4.382 
1500 4.3976 | 4.3981 4.3985 | 4.3990 | 4.4034 | 4.4076 4.412 
1600 4.4283 | 4.4287 | 4.4291 4.4295 | 4.438382 | 4.4369 4.440 
1700 4.4579 | 4.4582 | 4.4586 | 4.4589 | 4.4621 | 4.4652 4.468 
1800 4.4869 | 4.4872 | 4.4875 | 4.4878 | 4.4905 | 4.4933 4.496 
1900 4.5154 | 4.5156 | 4.5159 |; 4.5161 4.5185 | 4.5209 4.523 
2000 4.5437 | 4.5439 | 4.5441 4.5443 4.5464 | 4.5485 4.551 
2100 4.5716 | 4.5717 | 4.5719 | 4.5721 4.5739 | 4.5758 4.578 
2200 4.5993 | 4.5995 | 4.5997 | 4.5999 | 4.6016 |* 4.6032 4.605 
2300 4.6268 | 4.6269 | 4.6271 4.6272 | 4.6287 | 4.6301 4.631 
2400 4.6540 | 4.6542 | 4.6543 | 4.6544 | 4.6558 | 4.6570 4.658 
2500 4.6808 | 4.6810 | 4.6811 4.6812 | 4.6824 | 4.6835 4.685 
2600 4.7071 4.7072 | 4.7073 | 4.7074 | 4.7085 | 4.7095 4.710 
2700 4.7328 | 4.7329 | 4.7330 | 4.7331 4.7341 4.7349 4.736 
2800 4.7579 | 4.7580 | 4.7581 4.7582 | 4.7590 | 4.7598 4.761 
2900 4.7824 | 4.7825 | 4.7826 | 4.7826 | 4.7834 | 4.7841 4.785 
3000 4 4 4.8072 | 4.8077 4.808 


. 8062 . 8063 4.8064 | 4.8064 
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TaBLE 4h-31. ENTHALPY oF OxyGEN, (H — £°)/RT 


T, °K 1 atm 4 atm 7 atm 10 atm 40 atm | 70 atm | 100 atm 
100 1.254 
200 2.5523 2.5308 2: 2.4871 2. 1. 1.659 
300 | 3.8424 3.8319 3.8213 3.8108 | 3.705 3.602 3.505 
400° 5.1523 5.1464 5.1406 5.1349 5.078 5.023 4.971 
500 6.5000 6.4968 6 6.4905 6 6 6.403 
600 7.8919 7.8903 . 8873 : 7.848 
700 9.3254 9.3250 9.3245 9.3242 9.321 9.319 9.318 
800 10.7951 | 10.7956 | 10.7960 | 10.7965 | 10.802 10.807 10.814 
900 12.2949 | 12.2960 | 12.2970 | 12.2981 | 12.309 12.321 12.333 
1000 13.8198 | 13.8213 . 8243 13.874 
1100 15.3653 | 15.3672 .3110 15.431 
1200 16.9285 | 16.9307 -| 16.9329 | 16.9351 | 16.958 16.981 17.004 
1300 18.5067 | 18.5092 | 18.5116 | 18.5141 | 18.539 18.565 18.591 
1400 20.0985 | 20.1012 | 20.1038 | 20.1065 | 20.134 20.161 20.189 
1500 21.7025 | 21.7054 7111 21.799 
1600 23.3181 | 23.3211 3271 ; : 23.419 
1700 24.9447 | 24.9479 | 24.9510 | 24.9541 | 24.986 25.018 25.050 
1800 26.5820 | 26.5852 | 26.5885 | 26.5917 | 26.625 26.658 26.691 
1900 28.2299 | 28.2333 | 28.2366 | 28.2399 | 28.274 28.308 28 .342 
2000 29.8880 | 29.8915 . 8983 30.003 
2100 31.5566 } 31.5601 : .5671 : 31.674 
2200 33.2353 | 33.2389 | 33.2424 | 33.2460 | 33.282 33.318 33.355 
2300 34.9239 | 34.9275 | 34.9312 | 34.9348 | 34.971 35.008 35.045 
2400 36.6229 | 36.6266 | 36.6303 | 36.6340 | 36.671.| 36.708 | 36.745 
2500 38.3314 | 38.3352 . 3426 38.455 
2600 40.0500 | 40.0537 .0613 ; 40.175 
2700 41.7778 | 41.7816 | 41.7854 | 41.7892 | 41.827 41.866 41..904 
2800 43.5151 | 43.5189 | 43.5227 | 43.5266 | 438.565 43 .604 43 .643 
2900 45.2614 | 45.2653 | 45.2691 | 45.2730 | 45.312 45.351 45.390 
3000 47.0165 | 47.0204 | 47.0243 | 47.0282 | 47.067 47.107 47.146 


4-112 : HEAT 
TaBLe 4h-32. Entropy or Oxyaen, S/R 


T,°K | 1latm— 4 atm 7atm | 10 atm 40 atm 70 atm .| 100 atm 


| se 


100 | 20.794 

200 | 23.2553 | 21.8488 
300 | 24.6839 | 23.2899 
400 | 25.7127 | 24.3224 
500 | 26.5337 | 25.1450 


19.2709 | 18.431 17.74 

20.8928 | 20.2555 | 19.825 
21.9719 | 21.3733 | 20.9789 
22.8139 | 22.2311 | 21.8517 


23.5176 | 22.9429 | 22.5712 
24.1272 | 23.5571 | 23.1900 
| 24.6670 | 24.0999 | 23.7357 
| 25.1521 | 24.5869 | 24.2246 
25.5926 | 25.0287 | 24.6678 


600 | 27.2266 | 25.8387 
700 | 27.8299 | 26.4425 
800 | 28.3659 | 26.9788 
900 | 28.8484 | 27.4615. 
1000 | 29.2872 | 27.9005. 


| 25.9963 | 25.4334 | 25.0733 
| 26.3685. | 25.8064 | 25.4471 
26.7144 | 26.1527 | 25.7939 
| 27.0372. | 26.4760 | 26.1176 
| 27.3399 | 26.7790 | 26.4209 


1100 | 29.6896 | 28.3029 
1200 | 30.0610 | 28.6744 
1300 | 30.4061 | 29.0196 
1400 | 30.7283 | 29.3419 
1500 | 31.0307 | 29.6442 


| 27.6250 | 27.0644 | 26.7067 
27.8946 | 27.3342 | 26,9766 
| 28.1505 | 27.5902 | 27,2328 
28.3941 | 27.8339 | 27.4767 
28.6265 | 28.0664 | 27.7094 


1600 .| 31.3155 | 29.9290: 
1700 | 31.5848 | 30.1984 
1800 | 31.8404 | 30.4540. 
1900 ©; 32.0838. | 30.6974 
2000 | 32.3161 | 30.9297 | 


28.8490 | 28.2890 | 27.9320 
29.0625 | 28.5025 | 28.1456 
29.2675 | 28.7077 | 28.3508 
29.4651 | 28.9053 | 28.5485 
29.6558 | 29.0960 | 28.7393 


2100° | 32.5385 | 31.1521. 
2200. -| 32.7518 | 31.3655 
2300 -| 32.9568 | 31.5705 
2400 | 33.1543 | 31.7680 
2500 | 33.3449 | 31.9586 


29.8399 | 29.2802 | 28.9235 
30.0181 | 29.4585 | 29.1018 


2600 | 33.5289 | 32.1426 
2700 | 33.7071 | 32.3208 
2800 | 33.8796 | 32.4933 
2900. | 34.0470 | 32.6607 
3000 : | 34.2096 | 32.8233 


4-113 


TaBLE 4h-33. CoMPRESSIBILITY Factor For Steam, Z = PV/RT 


THERMODYNAMIC PROPERTIES OF GASES 


T, °K 

380 |0.98591 

400 {0.98912 

420  |0.99133 

440 {0.99294 

460 |0.99415/0.93377 

480  |0.99509/0.94617 

500 |0.99583/0.95528/0.90274 

520 |0.99642/0.96223/0. 91953 

540 |0.99690/0.96768/0. 93215] 0.84838 | 

560 |0.99730/0.97207|0. 94198] 0.87379 | 0.79031 

580 |0.99763/0.97565|0. 94983] 0.89295 | 0.82692 | 0.74683| 

600 |0.99790/0.97862|0. 95622! 0.90792 | 0.85386 | 0.79194| 0.7180 | 0.6214 
620 =: (0. 99814/0.98111/0. 96152) 0.91995 | 0.87462 | 0.82458 | 0.7682 | 0.7025 
640 0. 998340. 98323/0 96596] 0.92980 | 0.89115 | 0.84985! 0.8043 | 0.7542 
“660 ~—_|0.99852/0.98503)/0. 96969] 0.93787 | 0.90432 0.86877 | 0.8309 | 0.7902 

680 /0.99867|0.98659/0. 97292! 0.94472! 0.91530] 0.88451 | 0.85218 | 0.81809 
700 '|0.99880|0.98795/0. 97570] 0.95060 | 0.92463 | 0.89772 | 0.86977 | 0.84068 

720 — |0.99892/0.98913/0. 97813] 0.95568 | 0.93263 | 0.90893 | 0.88453 | 0.85939 
740 |0.99902/0.99018|0. 98026] 0.96011 | 0.93955 | 0.91854 | 0.89708 | 0.87513 
760 —|0.99911/0.99110,0. 98213] 0.96399 | 0.94558 | 0.92688 | 0.90787 | 0.88855 
780 —|0.99919]0.99192)0. 98379] 0.96742 | 0.95086 | 0.93413 | 0.91722 |-0.90011 

800 0. 99927/0.99265|0. 98527/ 0.97045 | 0.95553 | 0.94051 | 0.92538 | 0.91015 

820 |0.99933/0.99330)0. 98659] 0.97315 | 0.95966 | 0.94614 | 0.93256 | 0.91893 

_ |0.99939)0.99389/0. 98778] 0.97556 | 0.96335 | 0.95113 | 0.93891 | 0 


.92667 | 


TABLE 4h-33. “Coiaaeaane Factor FOR een Z= PV/R T (Continued) 
as se 
T;, °K |140 atm/160 atm|180 atm/200 atm|220 atm/240 atm|260 atm!280 atm 300 atm 


me et | ete | nn nf 


0.6209 

0.6979 |0.6315 |0.5464 | 

0.7461 |0.6975 |0.6428 |0.5790 |0.4987 | 0.3751 : 
- |0..78194/0.7433 |0.7018 |0.6566 10.6065 | 0.5499 | 0.484 | 0.4066 
0.5895 
0.6565 
0.7054 
0.7436 
0.7745. 


0.81031/0.77850/0. 74508)/0. 70978/0.6723 | 0.6324 
0.83343/0 . 80660)0. 77882)0.74999)0. 72005] 0.6889 
0. 852660. 82965)/0 . 80606/0. 78186/0. 75704] 0.7316 
0. 86891/0.84892/0. 82859/0. 8079010. 78684] 0.7654 
0. 88280/0.86528)/0. 84756/0. 82962/0.81147] 0.7931 


0.5435 | 
0.6227 | 0. 
0.6786} 0. 
0.7215 | 0. 
0.7557 


0.89480/0.87933)/0. 8637510. 4804/0. 83220] 0.8162 
— -|0.90525/0.89151/0. 8777110. 86384)0. 84989} 0.8359 
0.9144210.90214/0. 88985/0. 87752/0.86515| 0.8527 


0.8001 
0.8218 
0.8403 


0.7839 
0.8076 
0.8278; 0. 


HEAT 


TABLE 4h-34. Density oF STEAM, p IN G/cM? 


T, °K 40 atm 60 atm | 
380 0.00058604 
400 0.00055493 
420 0.00052732 
440 0.00050254 
460 0.00048010 | 0.0051115 
480 0.00045966 | 0.0048343 
500 0.00044095 | 0.0045967 | 0.0097284 
520 0.00042374 | 0.0043880 | 0.0091835 
540 0.00040785 | 0.0042016 | 0.0087236 | 0.01917 | . : 
560 0.00039313 | 0.0040333 | 0.0083242 | 0.017947 |.0.029765 | 
580 0.00037944 | 0.0038799 | 0.0079708 | 0.016957 | 0.027467 
600 0.00036670 | 0.0037392 | 0.0076536 | 0.016121 | 0.025713 
620 0.00035478 | 0.0036094 | 0.0073659 | 0.015397 | 0.024293 
640 0.00034363 | 0.0034891 | 0.0071029 | 0.014758 | 0.023098 
660 0.00033315 | 0.0033771 | 0.0068611 | 0.014188 | 0.022071 
680 0.00032331 | 0.0032726 | 0.0066372 | 0.013671 | 0.021 165 
700 | 0.00031403 | 0.0031748 | 0.0064292 | 0.013198 | 0.020353 
720 0.00030527 | 0.0030829 | 0.0062351 | 0.012763 | 0.019618 
740 0.00029699 | 0.0029964 | 0.0060534 | 0.012361 | 0.018947 
760 0.00028915 | 0.0029148 | 0.0058829 | 0.011987 | 0.018331 
780 0.00028171 | 0.0028377 | 0.0057224 | 0.011638 | 0.017762 
800 0.00027464 | 0.0027648 | 0.0055709 | 0.011312 | 0.017233 
820 0.00026793 | 0.0026956 | 0.0054278 | 0.011006 | 0.016740 
840 0.00026154 | 0.0026298 | 0.0052922 | 0.010717 | 0.016279 
TaBLE 4h-34. Density or STEAM, p IN G/cm? (Continued) 
pe cea am a ces ea 
T, °K 100 atm 120 atm 140 atm 160 atm 
600 0.05096 0.07066 
620 0.04610 | 0.06049 0.07985 
640 0.04265 0.05458 0.06882 0.08692 | 0.113 
660 0.040036 | 0.05052 0.06242 | 0.07631 0.09315 
680 0.037888 | 0.04736 0.057808 | 0.06949 0.08281 
700 0.036061 | 0.044771 | 0.054190 | 0.064463 | 0.075773 
720 0.034475 | 0.04258 0.051224 | 0.060489 | 0.070477 
TAO © 0.033074 | 0.040684 | 0.048715 | 0.057219 | 0.066255 
760 0.031820 | 0.039015 | 0.046546 | 0.054448 | 0.062757 
780 0.030689 | 0.037526 | 0.044639 | 0.052049 | 0.059779 
800 0.029658 | 0.036184 | 0.042989 | 0.049937 | 0.057192 
820 0.028711 | 0.084965 | 0.041408 | 0.048053 | 0.054910 
840 0.027838. 0.040017 0.052871 


0.033847 


qr er ren ee PCE DATES aE APSE TA eee 


0.046357 


80 atm 


.040549 
.036965 
.034356 
.032305 
030633 


ocooooo 


.029203 
.027951 
. 026839 
025841 
.024934 


0.024106 
0.023344 
0.022639 
0.021984 


180 atm 200 atm 


0.1149 
0.09835 


0.088380 
0.081318 
0.075895 
0.071516 
0.067858 


0.064724 
0.061991 


0.059572 
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Tasie 4h-34. DENsITY oF STEAM, p IN G/cm? (Continued) 


T, °K 1 220 atm 240 atm 260 atm 280 atm 300 atm 
660 0.1468 0.2128 

680 0.1171 0.1409 0.1734 0.2223 0.2915 
700 0.1026 0.1190 0.1383 0.1616 0.1903 
720 0.093169 0. 1062 0.1208 0.1371 0.1557 
740 0.086221 0.09733 | 0.1094. 0.1224 0.1367 
760 0.080773 0.09058 0.1010 0.1121 0.1240 
780 0.076313 0.08518 0.09449 0.1043 0.1146 
800 0.072552 0.08070 0.08918 0.09803 0.1073 
820 0.069309 0.07688 | 0.08471 0.09283 0.1013 
840 0.066465 0.07357 0,08037 0.08841 0.09619 


a a ee ne ee 
TaBLeE 4h-35. Spreciric Heat or Steam, C,/R 


T, °K 1 atm 10 atm 20 atm | 40atm | 60 atm | 80 atm | 100 atm 


Sa eT ep a es a i nt | ee 


380 4.462 
400 4.355 

420 4.312 

440 4.291 

460 4.282 | 5.614 

480 4.285 5.231 

500- 4.294 | 4.994 6.211 

520 4.308 | 4.842 5.703 

540 4.326 4.744 5.378 7.432 

560 4.346 4.681 5.164 6.602 9.131 

580 4.367 4.641 5.019 6.074 7.725 10.574 

600 4.391 4.618 4.921 5.723 6.886 8.619 | 11.513 
620 4.416 4.606 4.854 5.481 6.338 7.527 9.215 
640 4,442 4.603 4.808 5.311 5.966 6.826 7.970 
660 4.467 4.606 4.779 5.190 5.704 6.351 7.172 
680 4.495 4.615 4.762 5.104 5.518 6.020 6.634 
700 4.522 4.627 4.754 5.043 5.383 5.785 6.259 
720 4.550 4.642 4.752 4.999 5.284 5.610 5.987 
740 4.578 4.659 4.756 4.970 5.211 5.482 5.789 
760 4.607 4.680 4.765 4.951 5.158 5.387. 5.641 
780 4.636 4.701 4.776 4.939 5.118 5.314 5.528 
800 4.665 4.724 4.792 4.937 5.094 5.264 5.448 
820 4.694 4.748 4.809 4.939. 5.078 5.227 5.387 
840 4.724 4.772 4.828 4.944 5.069 5.201 5.342 


HEAT © 
Taste 4h-36. Enroatpy or Steam, (H —-Eo°)/RT 


40' atm 60 atm | 80 atm | 100 atm 


ct te Nc Say oi aN | ee ee Le 


7.785 | 7.204 | 6.471 

8.216 | 7.736. | 7.165 | 6.462 

g.625-| 8.219 | 7.753 | 7.210 

9.020 |. 8.669 | 8.277 | 7.836 

9.404 | 9.095 | 8.758 | 8.388 

9.781 | 9.506 | 9.211 | 8,892 

10.152 | 9.905 | 9.642 | 9.364 

10.520 | 10.295 | 10.059 | 9.811 

10.885 | 10.679 | 10.465 | 10.242 

11.248 | 11.059 | 10.863 | 10.660 

| 11.610 | 11.435 |. 11.254 | 11.069 
| ; 11.971 | 11.808 | 11.641 | 12.470 
; 12.333 | 12.181 | 12.025 | 11.867 

2. 12.695 | 12.552 | 12.407 | 12.260 
nen Sue ee See ee ees Se oe 
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TaBLE 4h-37. ENTrRopy or Steam, S/R 


T, °K 1 atm 10 atm | 20atm | 40atm | 60atm | 80atm | 100 atm 


a ee een ey ee. nn ia i en ey 


460 24.456 | 21.945 


480 "24.638 | 22.175 | 

500 24.813 | 22.383 | 21.513 

520 24.982 | 22.576 | 21.746 : 

540 25.145 | 22.757 | 21.954 | 20.981 

560: + 25.802 | 22.928 | .22,146.|. 21.235, |. 20.539 | 


580 | 25.455 | 23.092 | 22.324 | 21.457 | 20.833 | 20.260 | 
600 «| 25.604 | 23.249 | 22.493 | 21.657 | 21.080 | 20.582 | 20.092 
620 | 25.748 | 23:400 | 22.653 | 21.840 | 21.296 | 20.845 | 20.427 
640 | 25.889 | 23.546 | 22.806 | 22.011 | 21.491 | 21.072 | 20.699 
660 | 26.026 | 23.688 | 22.954 | 22.173 | 21.670 | 21.274 | 20.931 


680 26.159 | 23.825 | 23.096 | 22.326 | 21.838 | 21.459 | 21.137 
700 26.290 | 23.959 | 23.234 | 22.473 | 21.996 | 21.630 | 21.323 
720 26.418 | 24:090 | 23.368 | 22.615 | 22.146 | 21.790 | 21.495 
740 26.543 | 24.217 | 23.498 | 22.751 | 22.290 | 21.942 | 21.657 
760 26.665 | 24.342 | 23.625 | 22.883 | 22.428 | 22.087 | 21.809 


780 26.786 | 24.643 | 23.749 | 23.012 | 22.561 .| 22.226 |. 21.954 
800 26.903 | 24.583 | 23.870 | 23-137 | 22.690 | 22.360 | 22.093 
820 27.019 | 24.700 | 23.989 | 23.259 | 22.816 | 22.489 | 22.227 
840 27.132 | 24.814 | 24.105 | 23.378 | 22.938 | 22.615 | 22.356 


4i. Pressure-Volume-Temperature Relationships of Gases 
Virial Coefficients 


ABRAHAM 8S. FRIEDMAN 


U.S. Atomic Energy Commission — 


Many empirical and semiempirical relations have been used to describe the pressure- 
volume-temperature relationships of gases and liquids. Among those most frequently 
used are the equations of van der Waals, Dieterici, Berthelot, Clausius, and Beattie 
and Bridgeman. It is most convenient, however, and more satisfactory from the 
theoretical standpoint, to use the Kamerlingh Onnes equation of state or any of the 
other simple variations of the virial equation: 


B, , Ce , Dv , E, 
PV = RT(1 + BpP + CpP? + DP? + EpP* + - - *) 


The virial coefficients are temperature-dependent and are. expressed in units of powers 
of volume or reciprocal pressure, depending on the forms of equations used. The 
coefficients of these equations may be interrelated as follows: 


B, = B,RT 

C, = (Cp + Bp?) (RT)? 

D, = (Dp + 3CpBp + Bp’)(RT)? 

E, = (Ep + 4DpBp + 6CpBp? + 2C,? + Bp*)(RT)* 


B 


Bp = RT 
C» ed B,? 
Co = ~ RT) 
D = D, c— 3B,C, + 2B, 
_ (RT)8 
ny, = Eo — 2Cs" — 4ByD, + 10B.%Co — 5Bo! 
oe ee ee ae 


(RT)? 


The workers at the van der Waals Laboratory generally express their PVT data in 
terms of the density in amagat units pa, which is a relative scale, the reference volume 
usually being taken as the value at 0°C and 1 atm pressure. The equation of state 
takes the form 


PV =A-+ Boa + Coa? + Dosa? + Hpa* ++: 
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It is also possible to express the equations of van der Waals, Dieterici, etc., as virial 
expansions, in which case the virial coefficients are those piven in tabular form below. 


By CG; : Dv 
van der Waals: (P +a/V2)(V — b) = RT be RT b2 bs 
; i i o/RTV i = ue a ae ab a2 _ ab? a2b _ a3 
Dieterici: (Pe \V —b) = RT b RT b Ri + XRT)E B3 RT + SRT acRT) 
Berthelot: (P + a/V2T)(V — b) = RT bie ar b 53 
; 2ac 3ac? 4ac3 
. 2! aes = Panes paneer aia 
Clausius: [P + a/(V +.¢)?T)V — b) = RT b RT? b2 RT? b RT 


Data of state have been selected and assembled for several gases. These have been 
fitted to virial equations by the various investigators, and the coefficients of these 
equations are tabulated. The form of the virial equations and the units used are, in 
most cases, those of the original investigators. No attempt has been made to include 
all the available PVT data of these gases. Several excellent bibliographies of 
PVT properties of fluids exist,1 and abstracts of research papers in this field are 
published in Chemical Abstracts. 

In the tables given below, the virial coefficients B, C, etc., are those of the expansion 
in terms of amagat densities, the coefficients B., C., etc., are the coefficients of the poly- 
nomial in 1/V, and the coefficients By, Cp, etc., are the coefficients of the polynomial 
in P. , 

TABLE 4i-1, VirtaL Corrricients ror Heirum (He)* 


T,°C | BxX10? | Cx 10° | Dx 109 


' 0 0.5292 0.1500 0.218 
25 0.5710 0.1564 0.239 

50 0.6105 0.1699 0.268 

15 0.6494 0.2402 —0.070 
100 0.6909 0.2456 —0.126 
125 0.7299 0.2716 —0.283 
150 0.7645 0.3376 —0.554 


Pressure range: 10 to 300 atm. . 
Density in amagats (1 amagat = 4.4589 X 1075 moles He /ce). 
* Michels and Wouters, Physica 8, 923 (1941); Wouters, Dissertation, University of Amsterdam, 1941. 


1 See, for example, D. M. Newitt, ‘‘High Pressure Plant and Fluids at High Pressures,’’ 
Oxford University Press, New York, 1940; S. Gratch, Trans. ASME 70, 631 (1948); L. C. 
Nelson and E. F. Obert, Trans. ASME 76, 1057 (1954). 
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| Tasie 4i-2. VirtaL CoEFFICIENTS FOR Henium (He® anp He‘)* — 


He‘ B,, _ He B,, He? B,, 


ae 
° 
yn 


cc/mole cc/mole ce /mole cc/mole 
0.3 —2,715.4 —375.1 3.6 —88.71 —64.72 
0.4 —1,712.8 —348.6 3.8 —83.12 | —60.80 
0.5 —1,203.2 —320.0 4.0 —78.11 —57.25 
0.6 — 906.6 — 293.5 4.2 —73 .58 —54.01 
0.7 — 717.6 — 269.9 4.4 —69.47. —51.04. 
0.8 — 589.0 —249\1 4.6 —65.72 —48 .32 
0.9 — 497.2 —230.7 4.8 — 62.29 —45.81. 
1.0 .,.] — 428.9 —214.4 — 5.0 —59.14 —43.49 
1.2 — 335.2 —187.08 | 6.0 — 46.53 34.11 
1.4 — 274.6 —165.13. 7.0  —37.53 —27.29 
1.6 | — 232.34 —147.21 | 8.0 —30.78 —22.11 
1.8 — 201.25 —132.36 |: 10.0 —21.34 — —14.75 
2.0 — 177.39 —119.89 12.0 —15.04 — 9.78 
2.2 — 158.47 —109.29 15.0 — 8.77 — =— 4.97 
2.4 — 143.06 | -—100.18 | 19.64 |. ....... 0.00 
2.6 | — 130.26 | — 92.28 20.0 — 2.53 0.28 
2.8 — 119.42 — 85.38 23.18 — 0.00 
3.0 — 110.13 — 79.29 | 25.0 1.15 3.29 
3.2 — 102.06 | — 73.88 | 30,0 3.57 5.28 
3.4 — 94.98 — 69.05 40.0 6.49 7.70 
50.0 8.16 9.07 
60.0 9.20 9.93 


Second virial coefficients ‘calculated from the force constants of a Lennard-Jones six-twelve 
potential function. ee se ae 
* Kilpatrick, Keller, Hammel, and Metropolis, Phys. Rev. 94, 1108 (1954). 


TABLE 4i-3. VirtaL CorrricIENTs For Nzon (Ne)* 


B, X 10? | Cp X 108 | Ep X 109°. 


MC | (a Hg)! | (m He)-* | (m He)! 
207.9 —5.1522 | 7.4076 | 3.7425 
—182.5 —1.4468.. |...11.722 she 
—150 +0.0129 5.239 
— 100 0.5976 1.353 
— 50 0.6553 0.748 
0 0.6261 0.490 
+100 0.5098 0.538 
200 0.4425 0.189 
300 0.3853 


0.3273 


Pressure range: 0 to 75 m Hg. 
* Holborn and Otto, Z. Phystk 38, 1 (1925); 38, 359 (1926). 
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TABLE 4i-4. Virn1AL COEFFICIENTS FOR ARGON (A)* ; 


; | Cp X 10%, | D, X 10°, | EH, X 104,| F, X 1023, 
Hans a a atm~? atm? | atm~‘ atm 
80 | —0.03919 —1.82 
90 | —0:02836 —0.885 
100 | —0.02127 —0.4677. 
110 | —0.01640 —0.2634 
120 | —0.01292 —0.1555. 
130 | —0.01036 —0.09513 
140 | —6.008432 0.05973 
150 | —0.006938 —0.03816 a a 
200 | —0.002941 —0.00391 28.47 —5.16 1.58 
250 | —0.001370 0.00069 23 66 —7.76. 2.03 
300 | —0.000631 0.00120 11.61 .|. —6.60 1.40 
350 | —0.000244 |. 0.00104 2.75 | —0.87 0.02 
400 | —0.000026 | 0.00081 0.42 —0.10 : 
450 0.000101 0.00061 | a 
500 0.000178 0.00046 
550 0.000224 0.00035 
600 0.000252 |. 0.00027 
650 0.000268 0.00021 
700 0.000276 | ..-0.00016 
750 0.000279 0.00013 
800 0.000278 | -0.00010 
1000 0.000261 | 0.00004 
1500 0.000203 | - 
2000 0.000159 
2500 0.000130 
3000 0.000108 
3500 0.000093 
4000 0.000081 
4500 0.000071 
5000 0.000063 


* J. Hilsenrath et al., Natl. Bur. Standards (U.S.) Cir. 564, 1955. 
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TABLE 4i-5. VirntaL COEFFICIENTS FOR Krypton (Kr)* 


C, E, x 105 


T, °C | Bo, liters/mole | git ors /mole)2 | (iters/mole)4 


0 —0.06296 0.002758 —0.1184 


25 —0.05236 0.002611 —0.1627 

50 —0.04278 0.002259 —0.01800 

75 —0.03521 0.002077 0.03923 
100 — 0.02886 0.001944 0.07865 
125 —0.02347 0.001843 0.1074 
150 —0.01882 0.001758 0.1351 
175 —0.01473 0.001670 0.1705 
200 —0.01111 0.001581 0.2197 
225 —0. 008404 0.001640 — 0.13872 
250 —0.005694 0.001625 ‘0.1004 
275 —0. 003168 0.001562 0.1404 
300 —0.001154 0.001611 0.05625 


Density range: 1 to 10 moles /liter. 
* Beattie, Brierley, and Barriault, J. Chem. Phys. 20, 1615 (1952). 


TaBLEe 4i-6. Seconp VIRIAL COEFFICIENTS FOR XENON (Xe)* 


Ba, 
T, °K liters/mole 
289 .80 —0.1378 
298.15 —0. 1302 
323.15 —0.1106 
348.15 —0.0945 
373.16 —0.0812 
398 .17 —0.0701 
423 .18 —0.0607 
448 .20 —0.0526 
473.21 —0.0454 
498 . 23 —0.0391 
523 .25 —0.0332 
548 . 26 —0.0280 
573 .28 —0.0235 


* Beattie, Barriault, and Brierley, J. Chem. Phys. 19, 1222 (1951). 
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TaBie 4i-8. ViriaL Corrricients ror Hyprocen (H2)* 


T° B,, ce C,, cc? Dy, cc? ia ‘“ a : 
6 
20.59 —140.980 
22.58 —122.630 
24.65 —108 .020 
26.75 — 95.995 
28 . 83 — 90.275 2,200.0 
30.86 — 80.734 2,078.0 —30,000 
33.00 — 73.439 2,050.0 —21,700 
35.10 — 64.300 1,700.0 —16,200 —270 
37.61 — 56.950 1,510.0 —13,200 —260 
40.09 — 51.520 1,400.0 | —10,400 —250 
45.10 — 41.380 1,181.0 — 6,000 —240 
50.09 — 33.720 1,038.0 — 3,700 — 220 
55.09 — 28.070 925.0 — 345 —210 
60.03 — 22.900 841.0 1,500 | —196 
63.96 — 19.650 763.0 4,100 —175 
69 . 00 — 16.200 685 .0 8,500 —140 
75.01 — 12.460 612.0 10,600 — 90 
80.02 — 9.760 553.0 11,300 — 55 
90.04 — 5.170 462.2 12 , 980 — 5 
100.02 — 1.900 412.0 13 ,000 30 
104.0 0.000 
125.03 3.830 318.3 14,000 120 
150.04 7.630 269.0 13 ,000 150 
175.02 10.330 257.0 11,000 120 
200.11 11.930 254.0 8,850 60 
249 .99 14.000 (252.0 7,500 20 
273.16 14.193 
299 .99 15 250. 6,000 5 


.010 


rio 


Pressure range: 0 to 200 atm. . Be ok . 
* H. L. Johnston eé al., Ohio State University Cryogenic Laboratory. 


TaBLE 41-9. Vir1aL CoEFFICIENTS FoR HypRoGEN (H,)* 


B X 103 


Pressure range: 0 to 50 atm. 
Density in amagat units. — . 
* Michels and Goudeket, Physica 8, 347 (1941). 


T, °C A Cx 10°| -D xX 109 
0 | 0.99939 0.6015 1.834 — 16.838 
25 1.09086 0.6606 2.521 | —20.206 
50 1.18233 0.7308 2.606 | —16.249 
75 1.27379 0.8030 | 3.588 | —40.836 

100 | 1.36526 0.8841 | 2.619 —17.798 

125 1.45673 0.9314 4.348 — 43.290 
150 1.54820 1.0010 4.337 —36.189 


F, X 10-4, 


ec5 


2,810 
2,650 
2,510 
2 , 282 
2,130 
1,930 
1,724 
1,490 
834 
540 
380 
100 
40 


10 
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TaBLE 4i-10. Vrr1AL CorFFICIENTS FoR DruTERIUM (D:)* 


T, °C A Bx1i10? | CxX10° | Dx 10 
0 |. 0.99945 | 0.57884 | 4.47087 —61.9635 
25 | 1.09092 | 0.64317 | 2.0572 —24.291 
50 |. 1.18239 | 0.68055 | 5.0292 —60.984 
75 1.27387 | 0.74937 | 5.9227 | —76.729 
100 1.36536 | 0.83057 | 5.1521 —59.138 
125 1.45682 | 0.90211 | 5.2563 —60.585 
150 1.54829 | 0.97838 | 5.3152 — 62.845 


Pressure range: 0 to 50 atm. 
Density in amagat units. 
* Michels and Soudere Physica 8, 353 gen: 


Taspue 4i-11. Vrrtau Corrricients FOR NITROGEN (N2)* 


C, X 107-?, D, X 10-4, | E, x 1075, F, xX 1077, 


Hye cm em? em}? | em}5 
326 7 

300 7.437 16.65 — 22.19 — 87.538 
273 .16 8.20 15.60 _— 75.00 —16.00 
250 10.00 14.00 —100.00 (21.50. 
200 12.00 13.96 —117.75 | 36.40 
175 15.70 13.20 —120.76 45.50 
150 21.86 12.52 —122.75 41.00 
125.2 42.00 — 4.50 | 

120 48.00 — 26.60 

110 65.00 — 200.0 

100 85.00 — 600 

90 135.00 — 1000 

80 210.00 — 2000 


Pressure range: 0 to 200 atm. 
* H. L. Johnston et al., Ohio State University eee Tencrabery: 
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TABLE 4j-12. ViRIAL COEFFICIENTS FOR NITROGEN (N2)* 


‘es Bp, atm7! Cp, atm~? Dp, atm 
150 —0Q. (2)5586 —0Q. (4)2490 —0. (7) 10394 
200 —Q. (2)2125 —0.(7)801 0. (7)5727 
250 —0Q.(3)790 0. (5)235 0. (7)1484 
300 —0Q. (8)183 0. (5)208 0. (8)298 
350 0. (3)120 0. (5)156 —0.(9)21 
400 0. (3)279 0.(5)114 —0.(9)97 
450 0. (3)364 0. (6)838 —0.(8)103 
500 0. (3)408 0. (6)623 —0.(9)89 
550 0. (3)429 0. (6)471 —0.(9)73 
600 0. (3)435 0. (6)360 —0.(9)58 
650 0. (3)434 0. (6)279 —0. (9)46 
700 0. (3)428 0. (6)219 —0.(9)36 
750 0. (3)419 0. (6)174 —0.(9)29 
800 0. (3)408 0.(6)139 —0. (9)23 

1000 0. (3)360 0.(7)61 —0.(9)10 
1500 0. (3)263 0.(7)10 

2000 0. (3)202 | 

2500 0. (3)162 

3000 0. (3)135 


Pressure range 0 to 100 atm. 
Numbers in parentheses indicate zeros immediately to right of decimal point. 
* J. Hilsenrath et al., Natl. Bur. Standards (U.S.) Circ. 564, 1955. 


TABLE 4i-13. VIRIAL COEFFICIENTS FOR OXYGEN (O,2)* 


T, °K Bp, atm7! Cp, atm? Dp, atm-8 
50 

100 —0. (1)218811 —0. (3)49949 —0. (3)3826 
150 —0.(2)71105 —0Q. (4)4404 —0Q. (6)9312 
200 —(0. (2)29842 —0. (5)660 +0. (7)5150 
250 —0Q. (2)138644 —0. (6)59 +0. (7)2683 
300 —0. (3)6051 0.(6)60_ 0. (8)8649 
350 —0O. (3)2091 0. (6)78 0. (8)1828 
400 +0. (4)119 0.(6)72 —0. (9)5143 
450 0. (3)1403 0. (6)62 —Q. (8)1209 
500 0. (3)2167 0. (6)52 —0Q. (8)1306 
750 0. (3)3112 0. (6)22 —0.(9)6111 
1000 0. (3)2875 0.(6)11 —0. (9)2577 
1500 0. (3)2208 0.(7)4 —0. (10)647 
2000 0.(3)1731 0.(7)2 —Q.(10)228 

2500 0. (3)1406 0.(7)1 —Q.(11)99 

3000 0. (3)1174 0.(7)1 —0.(11)49 


Pressure range: 0 to 100 atm. 
Numbers in parentheses indicate zeros immediately to right of decimal point. 
* J. Hilsenrath et al., Natl. Bur. Standards (U.S.) Circ. 564, 1955. 


TaBLE 43-14, VirtaL COEFFICIENTS F 
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or Carson MonoxipE (CO)* 


Series coefficients for carbon monoxide 


—0.421188 
2.46871 
— 0.587082 


100°C 


1.36695 

0.279123 
_, 3.26204 

5.87388 


10.7319 
— 2.60066 


—7.37101 


1.55011 
0.703395 
3.31613 


- 8.29195 


—0.770897 
2.50096 
0.322446 


°C 25°C 50°C 75°C 
A ——'|- 1.00062 | 1.09220 | 1.18379 | 1.27537 
B X 10* | —0.609570 | —0.387728| —0.173710| 0.060129 
CX 108 | 2.74732 | 3.18199 | 3.60123 | 3.26131 
DX 10° | 6.10453 | 2.81560 | —1.08194 | 4.59805 
EX 104 | —2.23472 | 0.029516] 2.47553 | —0.281361 
F X 10} 7.66630 | 1.36450 | —5.13513 | 2.52046 
G@ X 10'7| ~7.38468 | °1.15574 | 9.52599 | —0.953864 
HX 10%| 3.20596 | —1.37431 | —5.60470 | —0.069931 


Pressure range: 40 to 3,000 atm. . 
Density in amagat units (1 amagat = 4.4643 X 1075 moles CO per cc). 
* A. Michels et al., Physica 18, 121 (1952). 


— 0.358606 


— 1.32504 


yes Oo A BX 103 CX 108 
0 1.00062 —0.633991 3.55228 

25 1.09220 —0.403802 3.64460 
50 1.18379 —0.179705 3.75360 
75 =| 1.27537 0.051373 3.67000 
100 1.36695 0.274208 3.64751 
125 1.45853" 0.489526 3.67394 
150 1.55011 | _ 0.695124 3.88893 


Pressure range: 20 to 50 atm. 
Density in amagat units. 


TaBie 4i-15. Vira Corrricients ror Carson MonoxiwE (CO)* 


~T, °K Bp, atm7! Cp, atm? 

200 —Q. (2)2701 0. (5)4485 
250 | —O.(2)1087 0. (5)4200 | 
300 } —0.(3)345. _ 0. (5)2803 
350 | -+0.(4)31 0. (5) 1847 
400 0. (3)232 | 0. (5)1269 
450 | 0. (8)343 0. (6)903 - 
500 0. (3)404 0. (6)652 
750 0. (3)443 0. (6)146 

1000 | 0.(3)387 0. (7)36 

1500 0. (3)287 | 

2000 0. (3)221 

2500 0. (3)178 

3000 0.(3)148 


Pressure range: 0 to 100 atm. 
Numbers in parentheses indicate zeros immediately to right of decimal point. 
* J. Hilsenrath et al., Natl. Bur. Standards (U.S.) Circ. 564, 1955. 
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TABLE 4i-16. VirRIAL COEFFICIENTS FOR. AIR* ... 


reer NS fp rT | REEL || SheNtett 


A = RT 1.000596 1.092176 1.183755 1.275334 
B X 103 —0.579305 —0.374396'° | —0.172469 0.029083 
C X 108 2.505321 2.815469 3.013159 3.192234 
D X 109 3.838577 | 1.956272. 1.578322 | 0.729456 
E X10 —1.133777 | —0.040178 | 0.311958. | 0.962308 
F X10" | 3.932747 1.618943: 0.951103 0 

GX 107 | —2.761489 | —0.479369 | 0O- 0 - 
HX107 8.738907 | oO  ° | 0 © .f O. 
Density range 0-642.Am. | | 0-505.Am. . 0-406 Am. | .. 0-182 Am. 


oc | 25°C 50°C. |. 75°C 
A 1.000596 1.092176 | 1.183755 | 1.275334 
B X 108 | —0.600117 —0.391219 | —0.181245 | 0.026432 
CX 108 3.14759 3.33556 3.33203 | 3.28972 
Density range 0-51 Am. 


per Pt PP Ss PS Ss SS TT ae 


* Michels et al., Appl. Sci. Research (A)4, 52 (1953). 


TABLE 4i-17. Vs, Caanereaan FOR Are* 


ae: Oe Op Dy X 104, 
P,°K | Ba, on / i cm ®/mole* Dz X 10 
50 —527.60 an 
100 —153.15 —3253 .5 9.40 
150 — 72.681 944.9 | 7.00. 
200 | — 38.241 1323-5 | 5.46 
250 | — 19.327 1332.7 |. 4.36 
300 | — 7.480 1288.5 | 3.46 
350 | + 0.575 1239.1 | 2.75 
400° | #£.6.367 | 1194.2 | 2.16 
450°-| 10.701 | 1154.4 | 1.72 
500 |* 14.048 | 1119.2 |° 1.40 
750 |° 23.241 | 990.4 0.4 
1000 | 27.129 | 904.30 | 
1500 | 30.138 © 789.45 


Pressure range: 0 to 100 atm. 
* J. Hilsenrath et al., Natl. Bur, ‘Standards (U.8.) Cire. 564, 1955. 
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A statistical mechanical treatment permits the expression of the virial coefficients 
of spherically symmetrical molecules in terms of the intermolecular potential energy 
and the distance between the molecules. The second virial coefficient is then given by 


B, = 2xN is (1 — e tT)? dr 


Various models have been proposed for the intermolecular potential energy func- 
tion <(r). One'of the most frequently used models for nonpolar gases is that due to 


Lennard-Jones: | 
= m ro\" _ nf to\™ 
ae ol; = ae) n a) 


where the repulsive exponent n is generally taken as 12 and the attractive exponent 
mis taken.as 6.---The Lennard-Jones six-twelve potential function is then — 


7 ee ee 
«weal = 


where ¢ is the energy at the minimum of the potential-energy well and ro is the inter- 
molecular separation at thisenergy. The intermolecular separation at e(r) = Ois given 
1 


by d, where d = r.(m/n)"—™ = ro(g)*. The constant eo is often expressed in units of 
temperature by dividing by the Boltzmann constant k. 


TaBie 4i-18. ConsTaANnts IN THE LENNARD-JONES PoTENTIAL FUNCTION 
a aaa renee ee 


Gas BO aE hy) ike | ae Ve 
ergs 
TAG os sii ait eed 10.22 7.40 2.65 2.36 1 
He*..... dante Dose atten 14.03 10.16 2.87 2.56 2 
NGS. eat a re tt 48.2 34.9 3.12 2.78 3 
DP pS os OG Stale S cet Bt 165.0 119.5 3.84 3.42 4 
TOTS Gas are ch teieenes orca & 238.4 172.7 4.03 3.59 5 
Cisse ot es 309.9 224.5 4.56 4.06 6 
Bl asians eisitask ee aaod 42.36 30.69 3.35 2.98 7 
| 8 Foe ene ee 45.93 33.27 3.39 3.02 1 
jc ae bac ee eae ee 50.75 36.76 3.28 2.92 2 
Ne...... bk als re dotacene 132.4 95.93 4.15 3.69 - 7 
Oils geht ah ee RU Sich 163 118 3.88 3.46 8 
CO nave 2 6 Soest ons 140.3 101.6 4.26 3.79 9 
* Calculated with quantum corrections. 
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The following table, 4j-1, is based upon a more extensive compilation, Natl. 
Bur. Standards (U.S.) Circ. 500, in which all references may be found. In this 
table ¢ = crystal, liq = liquid, g = gas, AH = heat, AS = entropy change, and 
AC, = change of heat capacity. 
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 Tasie 47-1. PHase TRANSITION Data FoR ELEMENTS AND COMPOUNDS 


T Phase AH 
ype ’ 
Substance Of Pressure, Temp., keal / AC», cal/ 
ae . mm Hg K acl mole deg 
, Initial Final 
A Fusion c liq 516.5 83.85 0.281 2.16 
Vaporiza- | liq g 516.5 83.85 
tion 
Vaporiza- | liq g 760 87.29 1.558 —5.08 
tion 
Ag Fusion c Na: oh, “eaetettey 1234.0 2.70 0.7 
Vaporiza- | liq g 760 2466 60.72 
tion : 
AgBr Transition | ¢, IL see 532 | 
Fusion c, I lig <h ) Geeeesh 703 2.18 —3.6 
Vaporiza- | liq 4 760 1806 37.0 
tion 
AgCl | Fusion c Na. i) Aedeeaas 728 3.05 —2.31 
Vaporiza- | liq g 760 1830 43.7 
tion 
AgCN Fusion c HG oh eee creed 623 2.8 
Agl Transition ; c, II c, I set fel ca Me 420 1.47 
Fusion c, I lig jo | suveveus 831 2.25 
Vaporiza- | liq g 760 1777 34.4 
tion 
AgNOs Transition | c, IT c, I See Bae’ 433 0.66 —0.06 
Fusion ce, I lig = Ill sete, 483 2.76 4.5 
AgeS Transition | c, II Gl (JP waves 452 1.05 1.2 
Fusion c, I hia, . (|. «teas 1115 3.36 
AgeSOu Transition | c, II i a arr eee 685 1.9 
Fusion c, I HG: i «aeereees 933 4 
Al Fusion c lig. §§§ «ff aaeouees 933.3 2.6 
Vaporiza- | liq g 760 2600 67.9 
tion 
AleBre Fusion c Mg j§ ll  Anadpinnet 370.7 5.4 
Vaporiza- | liq g 760 530 11 
AbCle Sublima- | c g 760 453.3 26.7 
tion 
Sublima- | c g 1, 625 465 26.5 
tion 
Fusion c liq 1,625 465 16.9 
AlOs Fusion c Hig ij <§l  seeseesd 2307 26 
As Sublima- | ¢, metallic | g, Ase 760 883 7.75 
tion 
Fusion ce, metallic | liq 27, 200 1090 
Vaporiza- | liq zg 27, 200 1090 


tion 


4-132 


TaBLe 47-1; PHase TRANSITION Data FOR ELEMENTS AND Compounps (Continued) 


HEAT: -— 


Phase 
Subst: Type -- Pressure, | Temp., An AS, cal/ | ACp, cal/ 
ubstance of : keal/ |! 
se een 7 , mm Hg K eae a mole deg ; mole deg 
Initial Final Sey 

AsBrs -| Fusion |-¢ liq ae) eee ee 804.4 2.81 9.23 
Vaporiza- | lig g i 760 494 10 =| 2. 
tion 

AsCls Fusion c liq Fe 257 2.42 9.42 
Vaporiza- | liq g 760 {> 408 7.5 18.6 
tion 

AsF; Fusion c liq  [ we... 267.21 2.486 9.304 
Vaporiza- | lig g 142.6 292.50 8.566 29 285 
tion : e 4 

AsF,_ ‘| Fusion c liq 149 192.9 2.71 14.0 
Vaporiza- | liq g 149 192.9 es 
tion | 
Vaporiza- | liq g 760 220.6 4.96 22.5 
tion 7 . fe 

AsH; Fusion c liq 24.6 ~ 156.9 0.56 3.6 

| Vaporiza- | liq g 24.6 156.9 
tion 
| Vaporiza- | liq g 7 760 210.7 | 4.18 | 19.8 
‘| tion . : | 
Ass06 Sublima- | c, octahe- | g 28 547 26.1 47.7 
tion dral | | 
Fusion | c, octahe- | liq 28 647 11.9 21.8 
A a | dral a : 
Sublima- | c, mono- g 67 586 23.0 39.2 
| tion — | clinic a . vt 
‘Fusion |c¢,mono- | liq 67 586 8.8 15.0 
clinic a 
‘| Vaporiza- | lig gz 760 733 14.2 19.4 
tion a - 

Au | Fusion fc liq |... 1336.16 | 3.03 |. ~2.27 —0.53 
Vaporiza- || liq lg 760 2933 74.21 |. 25.30 —2.0 
tion of 

B Fusion c lig’, §§ 4%: Sse 2313 

BOs : Fusion c ld <b mesa) 723 5.27 | 7.29 

= Vaporiza- | liq g 2 1523 77 50 

‘| tion 
BCl; Fusion c liq saa 166 
| Vaporiza- | liq g 760 285.6 5.7 20.0 
‘tion 

BF; Sublima- |c - 3 54 144.5 5.7 | 89 
tion “¢ 
Fusion jc liq 54 | 144.5 1.0 7 
Vaporiza- | liq g 54 144.5 4.7 - 33 
tion 
Vaporiza- | liq g 760 174 4.8 | 25 


tion 
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TaBLE 47-1. Poase TRANSITION Dava ror. ELEMENTs aND Compounps (Continued) 


Phase AH 
ee Pressure, Temp : keal/ AS, cal/ {| AC», cal/ 
oie mm Hg K wale mole deg mole deg 
Initial Final : 
B:He | Fusion | liq | eeea eee, 108.30 | 1.089 | 9.87 
Vaporiza- | liq g 760 180.32 3.412 18.89 
tion 
Ba Transition | c, IT Cl, si) “ee eat 648 
Sublima- {| c¢, I g 0.0063 990 41.1 41.5 
tion - 
Fusion c, I Hae hh Stace 990 ; 
Vaporiza- | liq g 760 1911 35.7 18.7 
tion ; 
BaCl. Transition | c, IT Cl TE asec 1193 
Fusion c, I Hig: 0 Speak ee 1233 5.4 4.4 
Vaporiza- | liq g 6.3 1462 57 39 
| tion | 
BaCOs Transition | ¢, III | a ee 2. | 1083 45 | 41 7.93 
Transition | c, IT oe i ieee 1241 0.7 0.6 
BaF - Fusion |c Hig eee, 1593 3.0 |. 19 
Vaporiza- | liq g 42 2072 83 40 
tion 
BaO Sublima- g 0.00076 1650 89 64 
|. tion 
Fusion ig? hs Rental Bak 2190 
BaSOu Transition Ob. Psat 1422 
Fusion lige «| 1 siwseevers 1623 9.7 6:0 
BaTiOs Transition G0 We coer dnsics 385.8 . 
Be ‘Sublima- g 0.034 1556 75.2 |. 48.3 
tion is ; 
Fusion liq 0.034 1556 2.3 1.5 
BeCle ‘Sublima- | g, BeCl. 2 678 29.2 43,1 
tion . ve 
Vaporiza- g, BeCl. 2 678 26.2 38.6 
tion eH. 
Vaporiza- g, BeCh 760 820 25 30 
tion 
Sublima- ‘|.g, BeeCla — 127 678 . 15.4 22.7 
tion 
BeO Sublima- g 0.00076 2327 147.4 63.3 
tion ; 
Sublima- g ov 0.196 2823 145.4 51:5 
tion 
Fusion liq 0.196 2823 
Bi - | ig =, Heated: 544.2 | 2.63 4.83 | 
Vaporiza- Tg - 760 1693 


tion 


See de ns a te Bet Sah ates oa 
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TABLE 4j-1. Poase TRANSITION Data ror ELEMENTS AND Comrpounps (Continued) 


Substance 


CBrs 


CCh 


CF, 


CFCls 


CF.Cle 


CHBrs 


CHCl; 


Fusion 
Vaporiza- 
tion 


Pressure, 


- mm Hg 


Temp., 
°K 


2.6 


AS, cal/ 
mole deg 


AC», cal / 
mole deg 


i a a a ns | ete | tect § genta 


Fusion 


tion 


Phase 
Initial Final 
c liq 
liq 4 
c liq 
c liq 
liq g 


2.0 


emeentneciemenepemmeemreperemmns | cerns nea ierrerseeninc anise || Strep ees ar ere ree ney | rere niente | riieernernsietrceieeieiier | —tinineeerr=sinsieag: ftir ees fer 


Sublima- 
tion 

Sublima- 
tion 


c, graphite 


c, graphite 


g, std. state 


equilibrium 


298.16 


4620 


171.698 


36. 4002 


amg | re a rrr 2 ER, 
es | | 


Transition 

Fusion 

Vaporiza- 
tion 


a ry 


ener | | Fe ts frre | Ie | SEER RSG, 


Transition 

Fusion 

Vaporiza- 
tion 


eer eevee 


1.1 


as a es | ee ee ee | es SS ee ee ee eee 


Transition 

Fusion 

Vaporiza- 
tion 


Fusion 
Vaporiza- 
tion 


oe eee ewe 


ce eee aee 


ee ewe eoee 


—10.4 


me | pen cere | rer | aS | | ees | AE, 


Fusion 


tion 


ee oe) 


ln cy ae et a a nineteen omeretemrensiini erat] enero, | umn <emma-eacmnineemenama fences seeeerreeemassessema 


Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


eee tree ne | a fr | ence | ects | LTS, |S 


: Fusion 


tion 


neta genes | eee ES | RS | | ein naLoan | <remrenereenemmerririneeraeeeenesiets | 


Fusion 


tion 


ret 
eee ee eee ee eet (coesnnnn a erarnoeeeneeneneeed (renenenenneneenneS is Fain a a rrr | errr 


Vaporiza- 
tion 


ereaee 
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TABLE 4j-1. PHASE TRANSITION Data ror ELEMENTs AND Compounps (Continued) 


T Phase AH 
Bu lutanes ue Pressure, Temp., keal/ AS, cal/ AC, cal/ 
mm Hg °K la mole deg | mole deg 
Process | Initial Final 
CH:0 (formalde- | Fusion c lig- 6§o§ sieeve 154.9 
hyde) Vaporiza- | liq g 760 253.9 5.85 23.0 
tion 
CH2O:2 (formic | Fusion c liq 18 281.46 3.03 10.8 8.8 
acid) Vaporiza- | liq gz 18 281.46 
tion : . 
Vaporiza- | liq. g 760 373.7 5.32 14.24 
tion 
CH;Br Transition|c,II  -._‘ |e, I tase 173.79 | 0.113] 0.650 
Fusion e, I Ne. iff ese. 179.48 1.429 7.96 
Vaporiza- | liq g 760 276.72 5.715 | 20.65 
tion 
CH:Cl Fusion c liq 65.66 175.44 1.537 8.76 1.5 
Vaporiza- | liq g 65.66 175.44 
tion 
Vaporiza- | liq g 760 248.94 5.15 20.7 
tion 
CHF Fusion c Ma; A tenses 131.4 
Vaporiza- | liq Z 760 195.1 4.23 21.7 
ticn 
CHal | Fusion c liq foo... 206.7 
Vaporiza- | liq g 760 315.6 6.7 21.2 
tion 
CH02N (nitro- | Fusion | re 244.78 | 2.319 9.47 
methane) Vaporiza- | liq g 36.7 298.16 9.147 30.68 
tion. . as 
Vaporiza- | liq g 760 374.0 
tion 
CH Fusion | fliq 87.7 90.68 | 0.225 2.48 
Vaporiza- | liq g 87.7 90.68 
tion 
Vaporiza- | liq 4 760: 111.67 1.955 17.51 
tion 
CHO Transition | c, IT Gelr2S eees 157.4 0.154 0.98 
Fusion ce, I lid WwW sw.:,ass 175.26 0.757 4.32 4.2 
Vaporiza- | liq g 124.0 298.16 8.94 29.98 
tion . 
Vaporiza- | liq, std. g, std. 760 298.16 8.94 26.48 
tion 
Vaporiza- | lig g 760 337.9 8.43 24.95 
tion 
CH.ON2 (urea) | Fusion |e liq Parent 405.8 | 3.60 8.9 
CHS Transition | c, 1I os Cn, are 137.6 0.052 0.38 
Fusion e, I lig. $$. Wi Stent 150.16 1.411 9.40 4.8 
Vaporiza- | liq g 760 279.12 5.872 21.04 


tion 
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. Substance 
CH:N (methyl- 
amine) 


C2HsCl 


CoHe 


C2Ha 


C2H,0 (acetalde- 


hyde) 


CeH.0 (ethylene 


oxide) 


| Fusion 


erg wie, “VBA: 


Type 
of 


process 


‘Pressure, Temp., 


Initial Final 


Fusion 
Vaporiza- 
tion 


c — fliq ee 
liq tg 


es eee ee en rr, (ene nn ee ne Sewanee 


Fusion Ah + aa 
Vaporiza- 
tion 


Sublima- | 
tion 


-Vaporiza- | 
tion 


Fusion 

Vaporiza- | hi 

‘tion y 

Vaporiza- 
tion 


Fusion iq isd ee 
Vaporiza- 
tion 


Fusion 
Vaporiza- 
: tion 


TaBLy 4j-1. PHase TRANSITION Data FoR ELEMENTS AND Compounpns (Continued) 


: AS, cal/ 


mole deg 


AC», cal vs 
mole deg 


i i i mn ee 


1.52 


er ern nereinies | enrereemnennirennnenciints fen | EE | Es | eee | Stet inee | amemenenceentermenrwe-ererrnevssnt | eaten 


C2H4O2 (acetic 
acid) 


CoHs | 


CeoHeO (dimethyl 
ether) 


C2H6O (ethanol) — 


C2H7N (ethyl- 


amine) 


|, Transition . 
| Fusion 


| Vaporiza- | li 


_| Vaporiza- 


; Vaporiza- 


‘| tion 


Fusion 


Fusion 
Vaporiza- 
tion 


eerie | erence en: | meee fae eer nincneni | tite | eae f amit creer | NT 


Fusion _ 
Vaporiza- 
tion 


tion 
Fusion [¢ _ oes eo 


tion 


Fusion | i Beer ers | 
Vaporiza- | liq g 58.6 298.16 
tion 


liq, std. g, std. 760 298.16 
tion 

Vaporiza- 
tion 


| Fusion Hig:' We deccvecsun 
Vaporiza-. 


2.2 


—11.5 


| eeepc | meee mer fan | eee | eaerererearnaneeri | See | I 


5.70 


—14.4 


Substance 


CeH7N (dimethyl- 


amine) 


C2Na 


CO 


CO: 


COCl: 


CS: 


Ca 


CaCz 


CaCle 


CaCrO. 


CaF. 


CaO 


CaSO, 


CaSi03 


ae cnet cada 
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AH, 
kcal/ 
mole 


TABLE 4j-1. PHASE TRANSITION. Data ‘For ELEMENTS AND Compounps (Continued) : | 


AS, cal/ AC, cal’ 
mole deg | mole deg 


ce, nn ern, ver eR Sonn nn nnn nn EERIE Thmieneneemennnnnmememmenttt REAR EEeieet tiinimtenmneenel 


Fusion 
Vaporiza- |. 
tion 


1.420 


6.33 


aie | rere | era er | te | Ne | aL fA 


Fusion 
Vaporiza- 
_ tion 
Vaporiza- 
| tion 


Transition 

Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


rere + | ener re ff terrain | meee | te Sree SNR PAS 


Sublima- 
tion 
Fusion 


1.938 — 


5.576 


0.151 
0.200 


1.444 


. 7.900 5.29 


ee | ee cent | ners || RR ct |e | ——enteeterenee | pepe | RSS 


Fusion 
Vaporiza- 
tion 


goer enemies feet rrr farang face ener | nee ee | | me ceersemnre | =AeINNtthStRSERAnRSn SSNS, 


’ Fusion 
Vaporiza- 
tion 


Transition 

Sublima- 
tion 

Fusion 


eines | ARON | en nt | tee ntiee f eratenetsineninteenten | eevemtenitnnneteTeasn a | Setter 


Sublima- 
tion 
Fusion 


Fusion 


6.43 


nce ne | a ee | tf 


Transition 

Fusion « . 

Vaporiza- 
tion 


Fusion 


Transition. 
| Fusion 


6.7 


. 4.3 


ree ceneccseene | eer | anne ect | anne | tte See | Eee | SAIN SRNERNN 


Transition’ 
Fusion 
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TaBLE 4j-1. PHass TrRANSIFION DaTa FoR ELEMENTS AND Compounns (Continued) 


Phase 


| Type AH, 
Substance of Pressure, Tenp; kal / ‘AS, cal / AC», cal/ 
ed mm Hg K ale mole deg mole deg 
r Initial Final 
CaSiO. Transition | c, LI Gell. iW -deeaehs 948 0.35 0.37 0.58 
Transition | c, 11 Cr j“" Awaneyy 1673 0.77 0. 46 
Fusion c, I lig, §§ hl. seeaeeae 2393 
CaTiOs Transition | ¢, 11 if) nn (ere a 1530 0.55 0.36 —0.23 
Cd Sublima- | c g 0.11 594.1 26.28 44,23 
tion ed a 
Fusion ce liq 0.11 594.1 1.46 2.46 
Vaporiza- | liq g 760 1040 23.86 22.94 
tion : : 
CdBrz Sublima- jc : g 0.0032 638 38.2 59.9 
| tion . 
Fusion .j|c liq cee eee 841 5.0 - 6:0 
Vaporiza- | liq. 4 760 863 
tion 
CdCl, Sublima- | c g 0.966 841 41.2 49.0 
tion 
Fusion c liq 0.966 841 5.3 6.3 
Vaporiza- | lig g 760 1253 29.4 23.5 
tion 
CdF: Fusion c lig’ sf. bday 1322 5.4 4.1 
Vaporiza- | liq g 760 2020 56.0 27.7 
tion 
Cdl: Sublima- jc Z 0.48 660 32 48 
tion 
Fusion c liq 0.48 660 8 12 
CdO Sublima- | c¢ g 760 1832 53.8 29.4 
tion 
CdS Sublima- | c¢ 4 0.0126 958 ‘51.4 53.7 
tion 
Ce Transition | c, 1V ec, Il Dueeg ates 140 
Transition | c, L1I G4 89. “As eetns 666 
Transition | c, II Gl #s wesivees 713 
Fusion c, I lig $$ >|: sowicacs 1048 2.1 2.0 
Ch Fusion | liq eeorer 172.16 | 1.531 | 8.89 2.75 
Vaporiza- | liq a: ere ree 172.16 
tion 
Vaporiza- | liq g 760 239.10 4.878 20.40 — 8.76 
tion 
CIF Vaporiza- | liq 1g 760 172.9 5.34 30. 88 
tion 
CIF; Vaporiza- | liq | g 760 284.6 5.74 20.2 
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TABLE 4j-1. PHase TRANSITION DatTA ror ELEMENTS AND Compounns (Continued) 


| Substance 


Co 


CoCle 
CoO 
CoS 
Cr 


CrCl 


Cr2Oz 


Cs 


CsBr 


CsCl 


CsF 


CsNO; 
CsOH 
Cs2S0x 


Cu 


N 


T Phase AH 
ype Pressure, Temp., ' AS, cal/ | ACp, cal/ 
of * kcal / 
mm Hg K =igle mole deg | mole deg 
process | Initial Final 
Transition | c, III Gif <b senndigas 723 0.005 0.007 
Transition | c, I Gl “Wl waeeeoeies 1398 0.07 0.05 
Fusion c, I Magi tee eeek 1765 3.7 2.1 
Vaporiza- | liq g 760 3373 
tion 
Fusion c lig: VS ea Reed eats 997 7.4 7.4 
Vaporiza- | liq g 760 1323 27.2 20.6 
tion 
Fusion |c is nn career errs 2078 
Fusion c Mae si Gecerteh ot 1373 
Fusion c Hig: jf tekaeudites 2173 3.5 1.6 
Sublima- | c g 0.61 1088 60.1 55.2 
tion 
Fusion c liq 0.61 1088 7.7 7.1 
Transition | c, II 1s rn pea eee 306.0 
Fusion a § HG. Ws Sed atatus 2538 
Sublima- | c g 1.2 XK 10% 301.9 18.82 62.34 
tion 
Fusion Cc liq 1.2 K 1076 301.9 0.50 1.6 
Vaporiza- | liq g 760 963 16.32 16.95 
tion 
Fusion c liq | cccccccees 909 1.7 1.9 
Vaporiza- | liq BP SF 2bcahedeees 1573 35.99 22.88 
tion 
Transition | c, II (ae Ss (eS Rees renee 718 1.8 2.5 
Fusion c, I Wi. a tiyoae ees 918 3.60 3.92 
Vaporiza- | liq g 760 1573 35.69 22.69 
tion 
Fusion c lig i EE BS eee secs 955 2.45 2.56 | 
Vaporiza- | liq Ci ‘Wi votgimoust 1524 34.3 22.5 
tion 
Transition | c, II Co “Wl bigte eta 429 
Fusion ce, I Nia’ i sidecedzes 690 3.25 4.71 
Transition | c, II Gers 9h Sexe So eee 496 1 3.55 
Fusion c, I liq | ......... 545.5 1.61 2.93 
Transition | c, II Gb ah Hae ee 933 
Fusion c, 1 lig hr eeiiedeae 1292 
Fusion c lig’, «ss Verena taels 1356.2 3.11 2.29 0.5 
1 Vaporiza- | liq g 760 2855 72.8 25.4 . 


tion 
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TABLE: 4j-1. PuasE: TRANSITION Data FoR ELEMENTS AND CoMpounps (Continued) 


Substance 


CuBr 
CuCl 
Cu20 


Cus8 


ErCl; 


Fe 


Fe 


FeBr: 


ni ies ene rerermeny | enema | ae es | EIR | REAR TAS | A A | ee 


FeCle 


FeCl; 


Fe(CO)s 


Fel 
Feo.950 
Fez03 
FesOu 


FeS 


Ga 


eer teres fee a | er, | te | “enreerecemeseveseenetammne, | RR EERE 


Fusion 


neering eenaetoenagee ff easier | rete | CS | STARRY | AAs, | <ratinet—rttrrtsA—tr——rere | dataRe 


Fusion 


ne Pe eS ae 
teen actrees ff renner iiies | enemies | SPER 


Fusion 


| Transition 


“Fusion 


(creme ania nannies | saan eer eeeecarereneee | ei nteteciernrrenareremnvececcaas | aerate annem | Steet | renee | Rr 
' 


Fusion 
Vaporiza- 
tion 


eee | me ey | SS: | Sener | Semen entrances | ——onmaemerewnses | cuuetnctarrneenaserremererrsat | Ret 


Transition 


‘Transition | | 


Sublima- 
tion 
Transition 


:-| Fusion 


Vaporiza- 
tion 


epenierceereeanencmeereeee | cman ere ries || a RS | NE er | inners | eaeeinerenerNte | TCE 
' 


Fusion 


Fusion 


| Vaporiza- 


tion 


pin wince eee hier sini niin | Nr | Senses | eee eee | payee SSS pte 
eee fr re, 


| Sublima- 


tion 
Fusion 


Vaporiza- 


tion 
Vaporiza- 
tion 


Fusion 


‘Vaporiza- 


~ tion 


eevee preemeereecmenee snes | eanpreremnnenee nes ere | | Senet | A ES | | RR 


Fusion 


Fusion 


| Transition 


= ene | ee | tenes | ee | aS | | NA ETS RP POOR 
——— ed or 


Fusion 


Transition 
Fusion 


ree rneteeee renee | meee nanan | ee | ent | en neneinccats | RS 
eens | et reermenentnennenracenmnarnmrare 


8.86 X 108 


Transition 
Fusion 


Phase 
Initial Final 

c liq 

c liq 

c liq 

C, II C, I 

ec, 1 liq 

Cc, 7 liq 

C liq 

liq |g 

G, ‘¢, B 

c, B c, Y 

Cc, Y gz 

Cc, ¥ c, 6 

c, 6 liq 

liq g 

¢ liq 

- liq 
liq g 

e | $FeeCle(g) 
c 4¥FeeCle(liq) 
liq }FexCle(g) 
liq }Fe2Cle(g) 
Cc. liq 

liq gz 

c liq 

Cc liq 

ce, Il c, I 

c liq 

ce, LI c, I 

ec liq 

- I c, II 

c, I liq 


ee ee 


eee te ew wee 


eeeease nes 


eee ewe nore 


ee 


ee 


ee 


eee er eee rs 


eee ere eens 


eee eee en eae 


a 


8.86 < 108 


275.6 
275.6 


Ad, 
kcal / 
mole 


AS, cal/ 


‘mole deg 


AC», cal/ 
mole deg 
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TaBLE 4j-1. PHaseE. TRANSITION Data ror ELEMENTS AND Compounps (Continued) 


Substance 


GeBra 


GeCk 


GeHy 


GeOs | 


HBr 


HC! 


HCN 


Type 
of 


process: 


', Pressure, 
mm Hg 


Temp., 


AH, 
kcal/ 


mole 


ba nenemee et eee eee a, a a, inn, rn Lane) 


Fusion 


Fusion 


Vaporiza-, 


tion 


8.86 X 106 


Y 


275.6 
309.940 
1210 


0.72 
1.336 
63.8 


ere em (eS ( , nS (aE TT 


| Fusion 


Sa een Ce ny Peer ee, en, nT EE EEE 


Fusion 


a ee ns ee ne, Pn Eenee 


Fusion 
Vaporiza- 
tion 


er 


Ny pe eS eS SS ey 


Fusion 
Vaporiza- 
_ tion 


Fusion 


Vaporiza- |. 


tion 


| Transition 
_| Transition 


Fusion 
Vaporiza- 
_ tion » 


Phase 
~ Jnitial Final 
c, I liq 
c, I liq 
liq g 
c liq 
c. liq 
c liq 
liq g 
ce liq 
liq g 
c liq 
liq ]g 
ce, III ¢, II 
¢, IT eI 
Cc, I liq 
liq g 


ee 


ee ey 


oor eee wn eoen 


eee eee a ees 


0.050. 


0.086 
0.200 
3.361 


nn ee, Se NS En ENT ENE eS EES en TE I aEEEENEEEEEEEEEEnd 


| Transition 
Fusion 
Fusion 


Fusion 
Vaporiza- 
| tion 
Vaporiza- 
tion 


c, II, insol- | 
uble 

c, I, insol- 
uble 

c, I, soluble 


c 
liq 


liq 


c, I, soluble | 


liq 


liq 


| liq 


eon e ee eeene 


Ce ee ry 


0.575 


eermremenenceemaeeter fates | re | nn | unmet | nee | 6 Racca | RS 


Transition. 


Fusion 
Vaporiza- 
tion 


‘Il 


c, I 
liq 


eve ee eco eve 


a fe reer etre | er ert | et ctr | tenes | LS TLSESS 


Transition 
Fusion 
Vaporiza- 

tion 
Vaporiza- 
. tion 


e, II 


ce, I 


liq 


liq 


eae eee ecene 


ee (Oe ae cD end 


| Fusion 
Vaporiza- 
tion 


mole deg | mole deg 
2.61 
4.31 0.38 
82,7 
+ 6.7 
28.0 
21.5 
22.2 
0.68 
1.12 
1.86 2.0 
18.19 
3.09 1.64, 
20.99 | — 7.37" 
2.89 1.15 
2.99 2.10 
20.5 — 7.14 
0.02 
7.73 1.7 
20.17 
5.756 2.55 
6.1 —10.9 
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TaBLE 4j-1. Poase Transition Data ror ELEMENTS AND Compounps (Continued) 


T oor an AH, | ° 
Giltanke . oe ’ Pressure, Temp., keal / AS, cal/ | AC», cal/ 
Ue aad mm Hg - °K anoles. ch mole deg mole deg 
Initial Final 
HI Fusion [¢ lig . Ul) -Seoers 222.36 | 0.686 3.08 1.10 
-| Vaporiza- | liq | el ee cee 222.36 | a 
tion 
Vaporiza- | liq g 760 237 .80 4.724 | 19.86 — 7.14 
tion 
HNOs Fusion e lige <b. said 231.56 | 2.503 | 10.81 10.55 
Vaporiza- | liq g 48 293 9.43 32.2 
tion 
He Fusion c liq 52.8 13.84 | 0.028 | 2.0 1.9 
Vaporiza- | liq g 52.8 13.84 i. 
tion 
Vaporiza- | liq g 760 20.26 0.215 10.6 
tion ; 
H:0 Fusion c liq 760 273.16 1.4363 5.2581 8.911 
Vaporiza- | liq g 4.58 273.17 10.767 39.415 —10.184 
tion . 
Vaporiza- | liq g 23.75 298.16 | 10.514 35.263 — 9.971 
tion 
Vaporiza- | liq g 760 373.16 9.7171.| 26.0400 —10.021 
tion | | 4 
Vaporiza- | liq, std. g, std. 760 298.16 | 10.520 | 28.390 
tion — 
HS Transition | c, III Fs) | an ere 103.54 | 0.366 3.53 1.20 
Transition | ec, I c, I bivants: 126.24 0.108 0.86 — 0.65 
Fusion c, I liq 173.9 ~ 187.63 0.568 3.03 1.59 
Vaporiza- | liq g 173.9 187.63 | 
tion ie . 
Vaporiza- | liq g 760 212.82 | 4.463 | 20.97 — 8.34 
tion , . | 
HeSO. Fusion | rr 283.53 | 2.36 8.32 6.218 
H2SOQ.-H20 Fusion c liq | ...eee 281.65 4.63 «16. 44 25.04 
H2Se Transition | c, III GI 4 sy aves 82.3 0.309 3.75 1.5 
Transition | c, IT Gl of  weehek 172.54 | 0.267 155 | — 1.9 
Fusion |c, I liq 205.4 207. 43 0.601 2.90 1.95 
Vaporiza- | liq g 205.4 207 . 43 5.34 25.72 
tion , oo 
Vaporiza- | liq g 760 231.9 4.62 19.93 
tion 
HeTe Fusion c lig, j§§ ‘F) Seudoge 222 1.0 4.5 
Vaporiza- | liq Zz 760 270.9 5.55 20.49 
tion | 
HaPO; Fusion e liq |o.eeeee 343.3 3.07 ” 8.94 


pe fe frre | ee | | RRRL | RR RR 


HsPO, Fusion | c fdG- 0, -txedue 315.51 | 2.52 | 7.99 
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TaBLE 4j-1. PHaszt TRANSITION Data FoR: ELEMENTS AND Compounns (Continued) 


Type 
Substance of 
process 


AS, cal/ AC», cal/ 
mole deg mole deg 


Pressure, Temp., 
mm Hg °K 


Initial 


12H Fusion c 2.3 2.0 
Vaporiza- | liq 16.0 
tion 
Vaporiza- | liq 
tion 
1H2?HO Vaporiza- 35.726 
tion 
1H. Fusion 2.0 1.9 
Vaporiza- 
tion 
Vaporiza- 10.6 
tion 
2He Fusion 2.53 2.2 
Vaporiza- 
tion 
Vaporiza- 12.45 
tion 
2H20 Fusion 1° “Ai hee naeae eas ' 5.419 9.48 
Vaporiza- | liq 20.78 298.16 34.186 
tion 
Vaporiza- | liq, std. 760 298.16 29.22 
tion 
He Fusion 1.5 
Transition 0.00 —19 
Vaporiza- 4.7 
tion 
Hf Transition}c,IT {eI f............ 
Fusion Cc 
HfQ2 Fusion : i | renee err eenee 
Hg Sublima- 2.5% 10-6 | 234.29 64.9 
tion 
Fusion 2.5 X 10-6 234.29 2.34 
Vaporiza- 0.00209} 298.16 49.13 
tion 
Vaporiza- 760 629.88 22.43 
tion 
HgBre Sublima- 36.6 
; tion 
Fusion 7.7 
Vaporiza- 23.8 
tion 
HgCh Sublima- 33.6 
tion 
Fusion 7.5 
Vaporiza- 24.4 


tion 
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TaBLE 4j-1. Paase Transition Data ror ELEMENTS AND Compounps (Continued) 


m Phase . AH 
; _ dype ’ ’ 
Gulwianes of Pressute, | Temp., keal/ AS, cal/ AC», cal/ 
ee mm Hg K Sais mole deg | mole deg 
? Initial Final 
Hgle Transition | c, II, red | ¢, I, yellow 0.195 402 0.601 1.50 
Sublima- | c, I, yellow | g 8.8 530 19.86 37.5 
tion 
Fusion c, I, yellow | liq 8.8 530 4.53 8.6 
Vaporiza- | liq g 760 ~~ | 627 14.26 22.7 
tion 
HgS Transition | c, II, red | c, I, black 80 659 1.0 1.5 
Cl Fusion | ¢ liq 33.2 300.5 1.83 6.09 
Vaporiza- | liq g 33.2 300.5 9.93 33.06 
tion | 
Ie Fusion c lig LS taeats 386.8 3.74 9.67 
Sublima- | c Z 0.31 298.16 14.88 49.91 
tion 
In Fusion ce tq | .eeeeee 429.6 | 0.78 1.81 
Vaporiza- | liq g 0.007 1200 55.7 46.4 
tion 
Ir Fusion Cc Ge he Se stes 2716 
Vaporiza- | liq g 760 4623 
tion 
K Fusion | liq] cee 336.4 | 0.554 1.65 —0:23 
Vaporiza- | liq g, equilib- — 760 1030 
- tion rium 
KAI(SOu)2"12H20 | Transition | c, II e, I see et 57.9 0.047 0.8 
Fusion ce, I lia.  j§ “| -testeet 364 6.7 18.4 
KBr . Sublima- c g 0.3 1008 48.9 48.5 
tion . 
Fusion c liq 0.3 1008 7 7 
Vaporiza- } liq g 760 1656 37.1 22.4 
tion am: . 
KCl Sublima- |-c g : 0.40 | 1045 49.5 47.4 
tion “4 
Fusion c liq 0.40 1045 6.1 5.8 0.61 
Vaporiza- | liq zg |. 760. 1680 38.8 23.1 
tion 
KCN Transition | c, II God 9 TS Gis een hcica 168.3 0.30 1.8 
Fusion e, I HG: 9 IR sates, 8383 3.5 4.0 
KF Fusion c) Mg A’ ees 1129 6.8 6.0 1.5 
Vaporiza- | liq g 760 1775 41.3 23.3 
tion - 
KHSQ, Transition | c, 111 Gi: ||| -swbatocats 437.4 0.49 1.12 


Transition | c, II Cyr if? weeaeds, 453.7 0.095 0.21 
Fusion ce, L lig | eer eee 491.8 Nee 
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TaBLE 4j-1. PHasE TRANsrTion Data ror ELEMENTS AND Compounns (Continued) 


Substance 


KNO; 


KOH 


K2COs 


Li 


LiBr 


LiCl 


Type 
of 


process 


Initial 


Phase 


Final 


Pressure, 
mm Hg 


AH, 
kcal / 


mole 


AS, cal/ 


‘mole deg 


AC», cal/ 
mole deg 


———— NS | ey | tener rnerennny | Merrie ff, | ef 


| Sublima- 
tion 
Fusion 
Vaporiza- 
tion 


c 


c 
liq 


0.36 


0.36 
760 


47.2 


34.7 


49.3 


i eeneeneeetnemneed beeneneeenneeeneen? pmmmeneenninmmmamemmnnemmmmen’ baeinmemmmmmenmmmnnemeeeeeemnmends (Renannenmemmmmmmmernamessnces’ tenenee meee NS ne ea 


Transition 
Transition 
Transition 
Transition 
Transition 
Transition 
Transition 
Fusion 


2.84 X 106 
2.84 X 106 
2.84 & 106 
61,500 


5 
5 
5 
.18 
18 


18 
9 


— 0.512 
—. 0.381 
0.131 
— 0.502 
0.558 
1.060 
1.3 
2.8 


2 | ne | cE | RR | eet | etnirerenenaereeentere, | eevee rete | errr tee 


Transition 

Fusion 

Vaporiza- 
tion 


Transition 
Transition 
Transition 
Fusion 


eee ee wm weve 


eeereecrn sone 


Ce Ce ey 


ee ee ey 


ee eee reeve 


eee oe - | OO I OO _ |- CO | | | LL 


Transition 


Fusion 


1.94 
8.76 


2.27 
6.53 


—4.79 
—6.49 


rrr | | nn | Settee | rence fn | ere 


Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


0.391 


2.158 


17.99 


2.01 


—5.67 


Transition 
Transition 
Transition 
Fusion 


oem eeaaeneons 


ene cena wee 


Ce 


eee ere wean 


Transition 

Fusion 

Vaporiza- 
tion 


liq 
g, equilib- 
rium 


Cy 


ee 


0.723 


1.594 


0.39 


nena beeen lmereneneeneeneeed Geen temnmemnnmemmmmed tmamemmmmnenandned teneee ET 


Fusion 
| Vaporiza- 
tion 


ee 


Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


1655 
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TABLE 4j-1. PHASE TRANSITION Data ror ELEMENTS AND Compounps (Continued) 


T Phase AH 
ype o : 
Gatien of Pressure, Temp., keal / AS, cal/ AC», cal/ 
ie mm Hg K ache mole deg mole deg 
P Initial Final 
Lif Fusion c dah 1118 2.4 2.1 
Vaporiza- | liq 760 1954 51.0 26.1 
tion 
Lil Fusion c Het 722 1 
Vaporiza- | liq 760 1444 40.8 28.2 
tion 
LiOH Fusion c. 735 
LizCOs Fusion c 1008 
LiNOs Fusion: | ¢ 527 6.1 11.6 0.45 
Li2SQ¢ Transition | c, II 848 6.8 8.0 
Fusion ce, I 1132 3.0 2.6 
LuCls Fusion C, Y i 1165 
Mg Fusion c 3 923 2.2 2.4 
Vaporiza- | liq 760 1393 31.5 22.6 
tion 
MgCle Fusion c om 987 10.3 10.4 
Vaporiza- | liq 760 1691 32.7 19.3 
tion 
MgCl2-6H20 Fusion c 390 8.2 - 21.0 
MgO Fusion c 3173 18.5 5.8 
MgSO. Fusion c 1400 3.5 2.5 
Mg:Ne Transition | c, II c, I 1061 0.26 0.24 
Transition | e, IJI e, Il 823 0.22 0.27 
Mn Transition | c, 1V e, III 1000 0.54 0.54 
Transition } c, LI ¢, Il 1374 0.54 0.39 
Transition | c, II c, I 1410 0.43 0.30 
Fusion e, I ee 1517 3.50 2.31 
Vaporiza- | liq 760 2360 53.7 22.8 
tion 
MnBre Fusion c 971 
MnCl; Fusion ¢ sit 923 9.0 9.7 
Vaporiza- | liq 760 1463 28.8 19.7 
tion 
MnO Fusion ¢c liq 2053 
Mn203 Transition | c, II c, I 873 
MnsQs Transition | c, II c, I 1445 4.5 3.1 
Fusion ce, I liq 1833 
MnS Fusion c liq 1803 6.2 3.4 
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TABLE 4j-1. PHASE TRANSITION Data ror ELEMENTS AND CoMPouUNDS (Continued) 


Substance 


Mo 


Mo(CO). 


MoFs 


MoO; 


Na 


NaBr 


NaCN 


NazCOs3 


NaCl 


Nal 


Na:MoO,a 


T ae AH 
ype Pressure, Temp., : AS, cal/ AC», cal/ 
of = a 6 keal/ 
mm Hg K mole deg mole deg 
prooes |." Yartial Final mele 
Fusion c liq jf ..eeee 2883 
Sublima- | ¢ g 48 375 16.3 43.5 
tion 
Sublima- | ¢ g 406 _ 290.7 8.3 28.6 
tion 
Fusion c liq 406 290.7 2.2 7.6 
Vaporiza- | liq £ 760 308 6.0 19.5 
tion 
Sublima- | c¢ 4 0.3 973 65 67 
tion 
Fusion C . liq 10 1068.4 12.54 11.74 
Vaporiza- | liq zg 760 1428 33 23 
tion 
Fusion Cc Has 2... WE ders 371.0 0.622 1.68 0.12 
Vaporiza- | liq g, equilib- 760 1162 
tion rium 
Sublima- | c¢ 1g 0.40 1023 49.3 48.2 
tion 
| Fusion c liq 0.40 1023 6.1 5.9 
Vaporiza- | liq g 760 1665 38.7 23.2 
tion 
Transition | c, III Cdk ot! sme 172.1 0.15 0.87 
Transition | c, IT oe nn aero 288.5 0.70 2.43 
Fusion c, I lig. =i iD Shea 835 4 5 
Vaporiza- | liq gz 760 1770 37 21 
tion 
Transition | ¢, IV Cll | eueses 629 0.20 0.32 
Transition | c, [II Gil. | -sebess 759 0.45 0.59 
Transition | ¢, II c, I A aiiee 891 
Fusion ce, I liq Phila: 1127 8 7 
Sublima- | ¢ dg 0.5 1081 51.5 47.6 
tion . 
Fusion c ft liq 0.5 1081 6.8 6.3 0.8 
Vaporiza- | liq g 760 1738 40.8 23.5 
tion . 
Sublima- | ¢ g 0.5 1268 63 49 
tion 
Fusion c liq 0.5 1268 7.8 6.2 0.65 
Vaporiza- | liq g 760 1977 50 25 
_ tion 
Fusion c liq | vw... 935 5.2 5.6 
Vaporiza- | liq g 760 1577 38.2 24.2 
tion 
Transition | c, IT el ii . peeeed 713 14.6 20.5 


Fusion e, I liq | .v.seee 960 3.6 3.8 
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TABLE 4j-1. PHase Transition Data ror ELEMENTS AND Compounps (Continued) 


Initial 


Phase 


HEAT 


Pressure, 
mm Hg 


Ad, 
kcal/ 


mole 


AS, cal/ 
mole. deg 


ACp, cal/ 
mole deg 


_ FO | OOOO OY Oe | | | f ES 


e, II 
c, I 


0.3 


ened bnoeneeneneed Reel Gemeniemenennenmameeemnenmmmmend tenmmmnemmnrenmeneemnen en eT EC SS ee 


| RRS | | ET | aR | ere—nenenenenieerecinnreery | Sennen 


Ca een) Ten eee) Coren TEER nS eS eS ee ne 


c, II 
c, I 


ee enennee 


1.2 


| a | RT ear eatn eenpn rte | creer | teeter | see ener 


eee re eeoe 


eoeeerueeen 


rent | eR | TL | rere fen | eters | retiree | patentee eer 


SR ee: | rc | SRR | ASRS, | —-renntvenaeivinnrerennaetsrenten | tents | nerrememerencitirreeeie | perceneateneetetperenwrenanaevnisee 


@eeerceoene 


0.7 


12.9 


creat | ES | Late | otter eeietener—tcimr | eeremrescecenenmrnentns | eaterwesntterrceeee {eee reneencmnesevee | snes arvnvssnnsteneieheenansne 


SS | | TS | SNe seiacETco | Severe | emeiremerremnneentenatnceeeren | nrerneneenenninineienenreeepewene 


LL | NS | | NCR | seteyaeecweaeiisimns | Niimmereceerecnanntiterrensn | ttetewentpeecrrneinen reese | ereennvrenrrinstutrennunepenEnieETE 


ee | | te | eta | etntntnmeen | siete eee tnttsine | etemneneeneestcrennnsretn—reent—r 


ooeenreene 


TS | SNL RN |S | TEER | Entei | —itridretitnetteirmene | sienna | eerste ees, 


LS | ener | SN ERA | Rt | eceterentcenecteeetantt | semersecnivimeresscceeiienpemniner | eeepc 


0.080 
0.431 


3.26 


. 17.54 


2.42 
—3.42 


hcseemeemenemmeememmnimmemnd (memmmnenmemnmnameenemenn’ Kammmmmmmmmnemmmmemmeearmn mms’ Koumemmnenanenennmee eer ert [ee Se eS See 


1.351 


5.581 


6.914 


23.28 


es | Re | ees | meaner | eetterteeeeweraie | sitentteveeeeni fre | en 


0.77 


1,87 


ace eeeemeemmnnemmeel Lemmanenemnemmmemnemmmneemeammnemnene? Kammmmmemmnemmmmmmesmmmmmmmmmmneercnseneens] (Comeanecmeceneerrren rr Cece eS (ee 


ene | an | Ie yapcenen pence | metre renee | eterna |< ernie | epee eeremnenine 


Type 
Substance of 
" process 
NaNOs Transition 
Fusion 
NaOH Transition 
Fusion 
NaOH-H.0 | Fusion 
NagP207 | Fusion 
Na2S04 Transition 
Fusion 
Na2Si0g F usion 
NavTiOs Transition 
Fusion 
Nb Sublima- 
tion 
Fusion 
NbCls Sublima- 
tion 
| Fusion 
Vaporiza- 
tion 
Nb2Os | Fusion 
Nb20: Fusion 
Nd Transition 
Transition 
Transition 
Fusion 
Ne Fusion 
Vaporiza- 
tion 
NHs3 | Fusion 
Vaporiza- 
tion 
Vaporiza- 
tion 
NH.Br Transition 
Fusion 
NH.Cl Transition 
Fusion 
Vaporiza- 
tion 
NHaI Transition 
Fusion 


760 
2.62 X 104 
2.62 X 104 


1.06 


0.70 


2.32 


2.7 
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TaB.e 4j-1, Poase TRANSITION Data ror ELEMENTS AND Compounps (Continued) 


T Ee AH 
Sctstaacs ig Pressure, keal/ | AS, cal/ | ACp, cal/ 
eepnaae - mm Kg aie mole deg mole deg 
Initial Final 
NHiNO; Transition c, IV 760 . 0.13 0.51 
Transition c, III 760 0.38 1.23 
Transition c, II 6.32 X 105 0.20 0.59 
Transition e, III 6.32 X 105 0.32 0.95 
Transition ¢, II 6.32 X 105 0.52 1.54 
Transition 760 0.32. 0.90 
Transition 760 1.01 2.54 
Transition 6.73 x 108 0.96 2.16 
Transition 6.73 X 106 0.98 2.21 
Transition 6.73 X 106 0.02 0.05 
Fusion 760 1.3 2.94 
Transition 6.63 K 106 0.99 2.15 
Transition 6.63 XK 106 0.03 0.06 
Transition 6.63 XK 106 1.02 2.21 
NO Fusion 164.4 0.550 5.02 6.0 
Vaporiza- 164.4 
tion 
Vaporiza- 3.293 | 27.13 11.8 
tion 
Ns - | ‘Transition 0.055 1.54 
Fusion 0.172 2.72 
Vaporiza- 
tion 
Vaporiza- 1.333 17.24 
tion 2 : 
NoMa Fusion 3.025 | 11.01 8.0 
Vaporiza- | li 9.70: 25.1 
tion 
N20 Fusion 1.563 8.574 4.67 
Vaporiza- 
tion 
_| Vaporiza- | li 3.956 21.42 
tion ne 
Ni Transition 0.092 0.15 ~ 0.71 
Fusion i 4.2 2.4 0.0 
Vaporiza- - 91.0 29.6 
tion 
NiCls Sublima- 48.36 38.38 
tion 
Fusion 18.47 14.18 
Ni(CO). Fusion 
Vaporiza- é : 7.0 22.2 
tion 
NiO Sublima- 111.4 74.2 
tion 
| Fusion 
NiS | Fusion | 
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TABLE 4j-1. PHase TRANSITION Data FoR ELEMENTS AND Compounns (Continued) 


T Phase AH 
ype Pressure, Temp., : AS, cal/ | AC», cal,’ 
Substance of mm H: °K Keal/ mole de mole de 
process Initial Final . mole 6 6 
Np Fusion Cc Wig itt ine 913 
NpCls Fusion c ha; ~ 4 “Wi -sevsweded 1075 
NpCh Fusion c goes ease lo®: 811 
NpFs¢ Fusion c lid. - s,s sk) We dieatss 326 
Oz Transition | ¢, III Seis wf seaaaadar 23.89 | 0.022| 0.92 0.3 
Transition | c, II Gaby). eeatste ake 43.80 0.178 4.07 —0.14 
Fusion ce, I lia 1.14 54.36 0.106 1.95 1.74 
Vaporiza- | liq g 1.14 54.36 | 
tion 
Vaporiza- | liq g 760 90.19 1.630 18.07 —6.00 
tion 
Os Vaporiza- | liq g 760 162.65 2.59 15.92 
tion 
Os Fusion c lig@- «st utes 2973 
Vaporiza- | liq gz 760 4673 
tion 
Osx Fusion e, I lig’ eee Sea 313.3 3.41 10.9 
Vaporiza- | liq g 760 403 9.5 | 28.6 
tion 
P Transition | c, IV, white | c, III, white 760 196 
Transition | c, IV, white | c, III, white | 4.41 x 108 270.8 1.35 4.09 
Transition | c, ITI, ce, II,red | ......... 298.16 | — 4.4 
| _| white 
Transition | ¢, III, c,I, black | ......... 298.16 | —10.3 
white 
Fusion e, III, liq © 760 317.4 0.15 0.47 
white : 
Vaporiza- | liq g, Ps 760 553 2.97 5.37 
tion 
Fusion ce, II, red | liq 32,760 863 4.85 5.62 
Vaporiza- | liq g, Pe 32,760. 863 2.50 2.90 
tion 
PBrs Fusion c lig cd Seetbaee 232.7 
Vaporiza- | liq g - 760 446.4 9.28 20.79 | 
tion « 
PBrs Sublima- | c g 210 357.0 13.0 36.4 
tion 
PCls Fusion c lig’ $$ § (| Saedeedes, 181 
Vaporiza- | liq gz 760 349 7.28 20.9 
tion 
PCIs Sublima- | ¢ g, mixt. 760 432 16.1 37.3 
tion equilibrium 
Fusion c lig’ i > eae wees 433 
PFs |. Fusion c Vig. Hil) wzteeetidace: 121.7 
‘Vaporiza- | liq gZ 760 172.0 3.43 19.9 
tion 
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TaBLE 4j-1. PHask TRAnsITION Data ror ELEMENTS AND COMPOUNDS (Continued) 


Substance Pressure, ne AS, cal/ | AC>p, cal/ 
_ Tole mole deg mole deg 
Initial 
PF; Fusion 
Sublima- 
tion 
Vaporiza- 
tion 
PH; Transition 
| Transition 
Transition 
Fusion 
Vaporiza- 
tion 
Vaporiza- 
tion 
P,Ow Sublima- 
tion 
Fusion 
Fusion 
Vaporiza- 
tion 
PaCls Fusion 
Pb Fusion i 0.29 
Vaporiza- 
| tion 
PbBrz Fusion 
Vaporiza- 
: tion 
PbCl. Fusion 
. Vaporiza- 
tion 
PbF 2 Fusion 


Vaporiza- 
tion 


PbHi2Ca (tetra- | Fusion 
methyllead) Vaporiza- 
- tion 


PbHoCs (tetra- | Fusion 


ethyllead) Vaporiza- | liq 
tion 
PbO Transition | c, II, red 
Fusion c, I, yellow 
Vaporiza- | liq 
tion 
PbS Sublima- |e 


tion 
Fusion 
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-Taspie 4j-1. Poase Transition Data ror ELEMENTS AND Compounns (Continued) 


Substance 


PbSO. 


Pd 


Pt 


PuCls 


PuF 


Rb 


RbBr 
RbCl 
RbF 
RbI 


RbNOs 


Type 
of 


process 


Phase 


Initial 


AS, cal/ 
mole deg 


ACp, cal / 
mole deg 


a ne eee Le ee 
OT 


Transition | c, II 
| Fusion 


‘le, I 


renee | eer | en | Se neeremcenerme—ececeee | eommeeeeenrercrenctecremenirssioe, | Statens | A 
ed 


Fusion 
Vaporiza- 
tion 


meee ences | cece eeepc | cre | een | EE | SR TT 
re 


Fusion 


| Vaporiza- 


tion 


5.2 


2.5 


ewer | ere ce | | oem trremeemacnemeceees | etemennimimnrameacersesuscns | RA nae 


Sublima- 
- tion 
Vaporiza- 
tion 


cs | a i aan eT Te, 


Sublima- 
tion 

Vaporiza- 
tion 


ew i | TT | | A | TS 


Fusion 


eeeercnepenerrenercrvnnne | es | eS | ee | ie | SEARLS | A | oe 


Transition 


| Sublima- 


tion 
Fusion 
Vaporiza- 
tion 


en a | ee | enemas | eerie | TR 


Fusion 
Vaporiza- 
tion 
Fusion 
Vaporiza- 


~ tion 


Fusion 
Vaporiza- 


i es | ere arteries, | Pe ee 


Fusion 
Vaporiza- 
tion 


Transition 
Transition 
Transition 
Fusion 


ny ee neeneemmenend bi 


Transition 
Fusion 


Fusion 


en’ nea ay | anemia 


a ne Fo aenameesmmnend (amamememnenemsememmmemmmemmmeenel 
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TaBLE 4j-1. PHasE Transition Data ror ELEMENTS AND CoMpouNDS (Continued) 


. TRANSITION, FUSION, AND VAPORIZATION 


tion 


T . roe AH 
Susianes 7 Pressure, Temp., keal/ AS, cal/ | AC», cal/ 
ee deas . mm Hg K Fale mole deg mole deg 
Initial Final 
Re Fusion e fl—iq =f wee... 3420 
Re:0; Fusion © fliq | Vie... 573.5 15.3 26.7 
Vaporiza- | liq 760 . 635.5 18.1 28.5 
tion | 
Rh Fusion @ © dg - 9 ‘Pgea se oned 2233 
Vaporiza- |liq 3 fg cece 4233 
tion 
Rn Fusion e fliq | Lovee... 202 0.693 3.43 
Vaporiza- | liq 760 211 3.92. 18.6 
tion a 
Ru Transition | c, IV CP ego nd 1308 0.034 0.026 
Transition | c, ITI Oplt anaes ey 1473 
Transition{c,IT = [eI | .......... 1773 0.23 0.13 
Fusion eI fliq fo Lo... 2773 
Vaporiza- | liq 760 4383 
tion 
8 Transition | c, II, rhom- | c, I, mono- 0.0047 368.6 0.09 0.25 0.24 
bic ’ elinic 
Sublima- | c, II, rhom- | g, Ss 0.0047 368.6 3.01 8.17 
tion — bic a 
Sublima- | c, I, mono- | g, Ss 0.0047 368.6 2.92 7.93 
tion clinic 
Fusion c,I,mono-|liq,X | .......... 392 0.293 0.75 1.6 
clinic 
Vaporiza- | equilibrium |. 760 717.76 Z.5 3.5 
tion liq, A, # 
SF. Transition|}c,IT $= feI | .......... 94.26 0.384 4.07 — 1.98 
Sublima- | ¢, I 760 209.5 5.46 26:04 
tion 
Fusion c, I 1,700 222.5 1.20 5.40 — 1.7 
Vaporiza- | liq 1,700 222.5 4.08 18.34 
tion 
SO: Fusion c 12.56 197.68 1.769 8.95 4.50 
Vaporiza- | liq 12.56 197.68 
tion 
Vaporiza- | liq 760 263.14 5.955 22.63 —11.84 
tion 
Sb Transition}c, ITI $$je,IT | .......... 367.8 
Transition | c, II meaceeals 690 
Fusion er “Wigg».. ‘udedsccics 903.7 4.8 5.3 
Vaporiza- | liq g, equilib- 760 1713 
tion rium 
SbBrs Fusion ©C  j<Jq@ 9 Yo vsvctevews 369.8 3.51 9.49 
Vaporiza- | liq 749 561 
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TaBLE 4j-1. Poasz TRANSITION Data ror ELEMENTS AND COMPOUNDS (Continued) 


T Phase AH 
ype ’ 
Shanes of Pressure, Temps eal) AS, cal/ AC», cal/ 
Euaees . mm Hg K , mole deg mole deg 
P Initial Final mre 
SbCls Fusion c cr re 346.4 3.03 8.74 
Vaporiza- | liq g 760 494 10.80 21.86 
tion 
SbCls Fusion Cc liq b daacattoned 276.2 2.4 8.7 
Vaporiza- | liq gz 21 349.7 11.5 32.9 
tion : 
SbH; Fusion c lig} se¢eeeurs 185 
Vaporiza- | liq g 760 256 
tion 
Sbi06 Transition | c, I ce, I 0.525 830 3.24 3.91 
Fusion c, I liq 8.5 928 29.49 31.78 
Vaporiza- | liq g 8.5 928 . 
tion ; 
Vaporiza- | liq g 760 1729 17.83 - 10.31 
tion 
Se Fusion c lig? eee 1673 
Vaporiza- | liq g 760 4173 
tion, 
ScCls Sublima-. | c g 684 1233 61.1 49.6 
tion ; 
Fusion c liq 684 1233 
Se Transition | vitreous c,I,gray | .......... 398 1.05 2.64 2.2 
Transition | c, II], red jc, 1, gray | ..........  423°—«w 0.18 0.43 0.2 
Fusion ce, I, gray | lia 0.0043 490.6 1.25 2.56 2.7 
Vaporiza- | liq g, Sec 0.0043 490.6 4.31 8.79 
tion 
Vaporiza- | liq g, Ses 760 1009 3.43 3.40 
tion 
Vaporiza- | liq &, S€4.27 760 958.0 §.10 5.32 
tion 
Vaporiza- | liq | g, See 760 1027 12.80 12.46 
tion 
SeF's | Sublima- | c¢ gz 760 226.6 6.27 27.68 
tion . 
Fusion c liq 1,500 238.6 1.70 |: 7.14 
Vaporiza- | liq g 1,500 238.6 4.38 18.34 
tion 
SeQ2 Sublima- | c¢ g 760 595 21.1 35.4 
tion 
Si Fusion c liq jj | accep 1683 11 6.5 
SiBr. Fusion c Hig: i §§$ At saeatnescn’ 278.4 
Vaporiza- | liq g 760 426.0 9.1 21.4 
tion 
SiCh Fusion: c liq sd Ramon ts 205 1.84 9.0 
Vaporiza- | liq g 760 330.2 7.0 21.2 
tion . 
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TaBLE 4j-1. Poase TRANSITION Data ror ELEMENTS AND Compounps (Continued) 


Phase 


Siieranis pes . Pressure, Temp; ra ef AS, cal/ AC, cal/ 
peaceas . mm Hg K es mole deg mole deg 
Initial Final 
SiF's Sublima- jc g 760 177.7 6.15 34.6 
tion 
Fusion c liq 1,320 182.9 1.69 9.2 
Vaporiza- | liq g 1,320 182.9 4.46 24.4 
‘tion 
SiH, Transition | c, II Cee GR’ eet 63.5 0.147 2.32 
Fusion |e, I liq | | ..... 88.5 0.159 1.80 1.3. 
Vaporiza- | liq g 760 161.8 2.9 18 
tion 
SiO: Transition | quartz, c, | quartz,c,II|  ..... 91 
III . 
Transition | quartz, c, II] quartz,c,I | = ..... 846 0.15 0.18 —5.6 
Transition | quartz, c,I|tridymite, | ..... 1140 0.12 0.11 
c, I 
Fusion quartz,c,I/liq = | ..... 1883 2.04 1.08 
Transition | tridymite, | tridymite, | ..... 390 0.07 0.18 
c, IV e, HI 
Transition | tridymite, | tridymite, | ..... 436 0.04 0.09 
ce, III ce, I 
Transition | tridymite, | tridymite, | ..... 598 0.05 0.08 
ce, II ¢, I 
Transition | tridymite, | cristobalite, {| ..... 1743 0.05 0.03 
c, I c, I 
Fusion tridymite, {liq § | ..... 1953 
c, I 
Transition | cristobal- | cristobalite, |  ..... 515 0.31 | 0.60 
ite,c, I | ¢, 1 . 
Fusion cristobal- jliq §# | ..... 2001 1.84 0.92 
ite, c, I 
Sn Transition | c, III, gray jc, II, white |  ..... 291 0.6 2.1 
Transition) c, II, white{e,I = | ~~ ..... 476.0 0.002 0.004 
Fusion |, I liq dae 505.1 1.69 3.35 
Vaporiza- | liq zg 760 2600 
tion 
SnBre Fusion e liq | wee. 505 1.7 3.4 
Vaporiza- | liq Ig , 760 911 22 24 
tion 
SnBr« Transition | c, IT ‘te, I ares 267 
Fusion ce, I liq |{  ..... 303 3.0 9.9 
Vaporiza- | liq g 760 478 10 21 
tion 
SnCle Fusion c liq jitutens 520 3.0 5.8 
Vaporiza- | liq g 760 896 21 23 
tion 
SnCl, Fusion c liq as 239.9 2.19 |. 9.18 
‘Vaporiza- | liq g 760 386 8.3 21.5 


tion 
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Substance 


§n02 
8nS 


Sr 
SrCl: 
8rCOs: 


SrF2 
SrO. 


SrSOu 
Ta 
TaC 


TaCls 


TaoOs 


Te 


TeFs 


Th 


ThO: 


Ti 
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Puase TRANSITION Data ror ELEMENTS AND Compounns (Continued) — 


Phase AH 
Pressure, Temp., : AS, cal/ | ACp, cal/ 
is keal/ |. 
mm Hg K dle mole deg | mole deg 
Initial Final 
Transition | c, II Gl «Aes 683 0.45 0.66 
Fusion c lig: Ps ce pantes 1153 
Fusion fr) Hig. ° © 2 gaged, 1043 2.2 2.1 
Vaporiza- | liq g 760 1657 33.8 20.4 
tion 
Fusion fe sb ls Setteteses tts 1148 4.1 3.6 
| Transition e, II eT, iW) “ighteas 1197 4.7 3.9 
Fusion e, I liq $f ...eee. 1770 
Fusion | ¢ Wig NS Sueeten 2 1673 | «4.3 | | 2.6 
Fusion = [ec liq |v... 2688 
Transition | ¢, IT Ga. MT sekeset 1425 
Fusion e, I ip in: (ianenre 1878 
Sublima- | ¢ ar: 8.610% | 2500 180 72. 
tion . . 
Fusion c lid. = Gs cdeekieg 3250 
Fusion c Na: ib. - xeotiten 4100 
Sublima- | ¢ g 415 484 22.7 46.9 
tion 
Fusion c liq 415 _ 484 11.1 22.9 
Vaporiza- | liq g 760 508 11.5 22.6 
tion . 
Fusion c liq |. ....... 2163 
Transition | c, II j ¢, | SD UREA eee 621 "0,18 0.21 
Fusion - |, I | tiq 0.18 723 | 4.28 5.92 2.0 
Vaporiza- | liq |g, Tes 0.18 723 13.3 | 18.4 
tion "Ss 
Vaporiza- |liq g, Tee 760 1360 11.9 8.75 
tion 
Transition | c, II ‘|e, I 60 199.7 0.5 2.5 
Sublima- jc, I _ g 760 234.6 6.47 27.6 
tion 
Fusion ec, I liq - §800 235.5 - 2.1. 9.0 
Vaporiza- | liq g 800 235.5 4.3 18.4 
tion 
Transition | c, I Gal Ge. weeks 498 
Fusion c liq Ta ee eee 1968 
Fusion c HG, j§§ ())- -cieuees 3493 
Transition|c,IIT - {eI |. ....... 1157 = 
Sublima- | c, I g 0.036 2085 106.5 61.0 


tion 


Fusion ce, I liq 0.036 2085 
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TABLE 4j-1. PHase TRANSITION. Data ror ELEMENTS AND CoMpouNpbs (Conitnued) 


Substance 


TiBre 


TiCle 
Tile 


TiO | 


TIBr 


TIC] 


TII 


TIO 


Fusion 


tion 


Fusion 


tion 


Transition 
Transition 


| Transition 


Transition 

Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


Sublima- 

tion 

Fusion 

Vaporiza- 
tion 


Sublima- 
tion 


| Fusion 
Vaporiza- 


tion 


‘| Transition 


Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


ae AH 
Pressure, Temp., : AS, cal/ | AC», cal/ 
. keal / | eee 
mm Hg K a mole deg mole deg 
Initial Final 
ce, II Coke 89 aepainass 258 
c, I lig ‘fo -*eese% 311.7 2.1 6.7 
liq 4 760 502 
c lig; oh, thee 250 2.24 "9.0 
liq g 760 409.0 8.4 20.5 
£ Hig edad 423 
liq g 760 650.3 13.6 20.9 
c, I Ce ny aren 1264 0.82 0.65 
c, III, 8, |c,II,@,ana-|  ...... 915 0.3 0.3 
anatase tase 
c,I,rutile [liq = | ...... 2108 
c, I c, Il 2.87x107 | 426 |—019 | — 0.45 
c, II c, III 2.87 XK 107 426 0.01 0.02 
¢, I ce, I 2.87 X 107 426 0.20 | = 0.47 
ce, II cI =f uaaeee 508.3 -0.082; 0.16 0.18 
c, I Hid jij6u«f  (seseu 576.8 1.03 1.79 0.43 
liq 4 28 1350 40.1 29.7 
liq” g 760 1730 
Cc g 2.11 732 31.4 42.9 
c liq . 2.11 732 3.6 4.9 
liq 4 760 1089 24.6 22.7 
c 4 1.12 702 29 41 
c liq 1.12 702 4.0 5.6 
liq g 760 1079 24.8 23.0 
c, II, yellow} c, I, red pital 438 
c, I, red g 1.00 713 30.0 42.1 
c, I, red liq 1.00 713 2.7 3.8 
liq g 760 1098 24.9 22.6 
c Nig #3 whee 573 
liq g 760 773 
c lig j§ ‘| .  ‘eae@wce 990 
c Hig heehee 990 
liq z 760 3773 
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TABLE 4j-1. PHAsE TRANSITION Data ror ELEMENTS AND Compowunns (Continued) 


HEAT 


T Phase AH 
ype ’ 
Gatabetlon of Pressure, Temp., eal AS, cal/ AC», cal/ 
te mm Hg K ale mole deg mole deg 
P Initial Final ) 
U Transition | c, III el ll) yaamieden 935 | 0.714 | 0.763 
Transition | c, II GP bs were eas 1049 1.165 1.110 
Fusion c, I Hig NM aren ok 1405 
UBrs Sublima- | ¢ g 4.78 792 49.9 63.0 
tion : 
Vaporiza- | liq g 4.78 792 43.8 55.3 
tion 
Vaporiza- | liq g 760 1039 31.0 29.8 
tion ; 
UCh Sublima- | c g 15.5 863 46.3 53.6 
tion 
Vaporiza- | liq g 15.5 863 36.0 41.7 
_ tion 
UF 6 Sublima- | ¢ lg 760 329 11.8 35.9 
tion 
Sublima- | c g 1,133 337.2 11.8 35.0 
tion 
Fusion Cc liq 1,133 337.2 4.59 © 13.61 8.81 
‘Vaporiza- | liq . g 1,133 337.2 7.2 21.4 
_ tion 
V Fusion |c HG Ese Pa 2003 
Sublima- | c¢ g 6.1 X 10-5 1800 120.4 66.9 
tion 
VCla _| Fusion c Hq: ,#1i s&ase655 247.5 . 
Vaporiza- | lig g 760 425 9.1 21.4 
tion 
V203 Fusion c Nig: 7) _ seers 2250 
V204 Transition | ¢, II Cle Lte® eee t.. 345 2.05 5.94 6.9 
Fusion c, I lig « jj§§ | “neewwes. 1815 27.21 15.0 10.1 
V205 Fusion C Tig, A ~ eoyahecentene 948 15.56 16.50 2.9 
WwW Fusion c lig << Aseceoad 3653 
WCle Transition | c, IIT Coll... “a hbeesse 442 
Transition | c, II ce, I 38 500.1 3.4 6.8 
Sublima- | c, IT g 38 500.1 21.0 42.0 
tion 
Sublima- | c, I 4 233 557.2 17.4 31.2 
tion 
Fusion c, I liq 233 557.2 2.3 4.1 
Vaporiza- | liq g 760 609.7 14.9 24.4 
tion 
WFs Transition | c, II Gio a wees 265.0 1.6 6.0 
Fusion | c, I -|liq 420 275.7 | 0.5 1.8 
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TaBLE 4j-1. Puase Transition Data ror ELEMENTS AND Compounps (Continued) 


Substance 


wo: 


Xe 


YbCls 


Zn 


ZnCle 


ZnO 


ZnS 


Zr 


ZrC 


2rCly 


Type 
of 
process 


Sublima- 
tion 
Fusion 


Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


Fusion 
Vaporiza- 
tion 


Fusion 


Fusion 
Vaporiza- 
tion 


Fusion 
Vaporiza- 
tion 


Fusion 


Sublima- 
tion 

Transition 

Sublima- 
tion 


Transition 

Sublima- 
tion 

Fusion 


Fusion 
Sublima- 
tion 
Fusion 
Fusion 
Transition 


Transition 
Fusion 


Phase 


AH, | AS, cal/ | Cp, cal/ 
kcal/ 
at mole deg mole deg 
Initial Final 
112 ‘81 
0.549 3.40 2.13 
3.021 18.29 —5.71 
c, Y 
1.595 2.303 
27.43 23.24 
5.5 10 
30.9 30.0 
e, II 64.3 57.1 
e, II 
¢, II 0.7 0.6 
137.7 68.9 
25.3 41.9 
ce, III 1.42 0.96 
e, IT 
20.8 7.0 


Figure 4j-1 presents vapor-pressure curves for approximately 40 elements and 


compounds. 
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5a. Definitions, Units, Nomenclature, Symbols, 
Conversion ‘Tables 


W. R. SMYTHE 


California Institute of Technology ; 


6ba-1. Fundamental Definitions Based on Mechanical Measurements 


Capacitivity or Dielectric Constant. The capacitivity in farads per meter is the ratio 
of the force between two charged conductors measured in vacuum to that measured 
when the vacuum is replaced by a homogeneous fluid insulating medium, multiplied 
by 8.85434 X 10-12. In a homogeneous solid it is the product of 8.85434 * 107! by 
the ratio of the force on a given small charge measured at the center of a thin disk- 
shaped evacuated cavity placed normal to a uniform electric field to that on the same 
charge measured at the center of a thin needle-shaped evacuated cavity aligned with 
the same field. 7 

Charge. One coulomb is that charge which, when carried by each of two bodies 
whose distance apart r in meters is very large compared with their dimensions, pro- 
duces in a vacuum a mutual repulsion of 8.98740r-? X 10° newton. A charge of one 
coulomb is transported by a current of one ampere in one second. There are two 
kinds of charge. Electrons carry a negative charge and protons a positive charge. 

Current. An ampere is that current which, flowing in the same direction in each of 
two identical coaxial circular loops of wire whose distance apart r in meters is very large 
compared with their radius a, produces in a vacuum a mutual attraction of 632a‘r—* X 
10-7 newton. A current of one ampere transports one coulomb of charge per second. 
Current direction is defined as that in which a positive charge moves. _ 

Electric Intensity. The electric intensity in volts per meter is the vector force in 
newtons acting on a very small body carrying a very small positive charge placed at 
the field point, divided by the charge in coulombs. In a homogeneous solid the meas- 
urement is carried out at the center of a thin evacuated needle-shaped cavity aligned 
so that the force lies along the axis. 

Electromotance or Electromotive Force. The electromotance in volts around a closed 
path is the work in joules required to carry a very small positive charge around that 
path, divided by the charge in coulombs. 

Magnetic Induction or Magnetic Flux Density. The magnetic induction in webers 
per square meter is a vector whose direction is that in which the axis of a small circular 
current-carrying test loop that rests in stable equilibrium at the field point would 
advance if it were a right-hand screw rotated in the sense of the current circulation and 
whose magnitude equals the torque in newton meters on the loop when its axis is 
normal to the induction, divided by the product of loop current by loop area. Ina 
homogeneous solid the measurement is carried out at the center of a thin evacuated 
disk-shaped cavity oriented so that the induction is normal to its faces. 

Permeability. The permeability in henrys per meter is the ratio of the force 
between two linear circuits carrying fixed current measured in a homogeneous fluid 
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insulating medium to that measured in a vacuum; multiplied by 4% X 10-7. Ina 
homogeneous solid it is the product of 4x X 10-7 by the ratio of the magnetic induction 
at the center of a thin evacuated disk-shaped cavity oriented so that the induction is 
normal to its faces to that at the center of a thin evacuated needle-shaped cavity 
oriented so that the induction is directed along its axis. | 

Potential. The potential in volts at a point in an electrostatic field is the work in 
joules done in bringing a very smail positive charge to the point from a point arbi- 
trarily chosen at zero potential, divided by the charge in coulombs. 


5a-2. Basic Laws 


Ampere’s Law. At any field point near a linear circuit, each circuit element con- 
tributes to the magnetic induction an amount inversely proportional to the square 
of the distance r from it to the point, directly proportional to its length, current, and 
the sine of the angle between ds and r, and in the direction of ds X r. 

Coulomb’s Law. The force in a homogeneous isotropic medium of infinite extent 
between two point charges is proportional to the product of their magnitudes divided 
by the square of the distance between them. 

Faraday’s Law of Induction. The electromotance induced in a circuit is propor- 
tional to the rate of change of the magnetic flux linking the circuit. 

Joule’s Law. The rate of production of heat in a constant-resistance OE ectie circuit 
is proportional to the square of the current. 

Kirchhoff's Laws. (1) The algebraic sum of the currents flowing into any point in 
a network is zero. (2) The algebraic sum of the products of current by resistance 
around any closed path in a network equals the algebraic sum of the electromotances 
in that path. 

Lenz’s Law. The current induced in a circuit due to a change in the magnetic flux 
through it or to its motion in a magnetic field is so directed as to oppose the enanee 
in flux or to exert a mechanical force opposing the motion. 

Ohm’s Law. The current in an electric circuit is directly proportional to the elec- 
tromotance in it. 

5a-3. Definitions of ‘Some Descriptive Terms. For quantitative terms, see 
Table 5a-1. : 

Anode. The eee electrode in such devices as the arc, vacuum tube, and 
electrolytic cell. | 

Antiferroelectric Materials. Those in which spontaneous electric polarization 
occurs in lines of ions; adjacent lines are polarized in an antiparallel arrangement. 

Antiferromagnetic Materials. Those in which spontaneous magnetic polarization 
occurs in equivalent sublattices; the polarization in one sublattice is aligned anti- 
parallel to the other. 

Cathode. The negative electrode in such devices as the arc, vacuum tube, and 
electrolytic cell. 

Coercive Force. The value of the reverse magnetic intensity needed to destroy the 
magnetic moment of the specimen. , 

Conductors. Bodies in which differences of potential, if not maintained by some 
driving electromotance, disappear rapidly with a flow of current. 

Curie Point. The point, as the temperature increases, at which the transition from 
ferromagnetic to paramagnetic properties of a substance is complete. 

Diamagnetic Bodies. ‘Those which, when placed in an inhomogeneous magnetic 
field, tend to move toward its weaker regions. 

Diclectit Bodies. Those which can support an electric strain and in which differ- 
ences of potential disappear very slowly or not at all because of current flow. 

Eddy or Foucault Currents. Circulating currents set up in conducting masses or 
sheets by varying magnetic fields. 
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Edison or Richardson Effect. The thermionic emission of ploctrons from hot bodies 
at:a rate which increases rapidly with temperature. 

Electric Circuit. The path taken by an electric current. Elements of the circuit 
which possess the properties of capacitance, inductance, resistance, etc., aloes ie: 
are known as capacitors, inductors, resistors, etc., respectively.. 

Electric Lines of Force. Curves in an electric field whose cc at any paint give 
the direction of the field at. that point. 3 , 

Electric Tubes of Flua. Charge-free regions in isotropic space whose sides” are 

everywhere tangent to the electric intensity and whose ends terminate 0 on cuaree or 
charged areas or may meet to form closed rings. = ‘ 

Electrodes. ‘Terminals by which current may enter or leave a region. . 

Electrolysis.. The process of passing current. through a substance when 80 aetie 
liberates one or more of its constituents at the electrodes. : 

- aoe A substance,capable of electrolysis. 

Electrostriction. The change of dimensions of a dielectric body when placed i in an 
electric field. | 

Eitinghausen Effect. The phenomenon observed when a soanuciet carries ‘current 
in a transverse magnetic field and a temperature geen appears in a direction 
normal to both. 

Ferrimagnetic Materials. Those in which spontaneous magnetic polarization occurs 
in nonequivalent sublattices; the polarization in one sublattice is aligned antiparallel 
to the other.. 

Ferroelectric M his: Those: in which the electric polarization (see Table bai) is 
iroduced by cooperative action between groups or domains of collectively oriented 
molecules. 

_ Ferromagnetic Materials. Those in which ‘the magnetization is produced by 
cooperative action between groups or domains of collectively oriented molecules. 

Gyromagnetic Effects. The phenomena of magnetization by rotation (Barnett 
effect) and rotation by magnetization (Einstein-de Haas effect). 

Hall Effect. The production of a transverse potential gradient in a material by a 
steady electric current which has a component normal to a magnetic field. . 

H ysteresis Curves. These show the steady-state relation between the magnetic 
induction in a material and the steady-state alternating magnetic intensity (see Table 
5a-1) that produces it. 

. Image Force. The force on a charge due to that charge or peleeeuen which it 
induces on neighboring conductors or dielectrics. 

Magnetic Lines of Force. Curves in a magnetic field whose tangents at any point 
give the direction of the magnetic intensity there. 

Magnetic Saturation. A condition in which further increases in 1 the magnetizing 
field produce no increase in magnetization. 

Magnetic Tubes of Flux. Regions in space oat sides are > everywhere tangent to 
the magnetic induction and whose ends may meet to form closed: rings. 

M dialed The change in dimensions of a mnOcy when placed in a magnetic 
field. 

N sail Effect. The production. of a, transverse electric field rie a heat current. 

Parallel Connections... These are so arranged that current divides between elements, 
no portion passing through more than one element. 

Paramagnetic Bodies.. When placed in an aBhomeEenonte micas field, these 
bodies tend to move toward its stronger regions. 

Peltier Effect. The phenomenon of absorption or generation of heat according to 
whe direction of passage of current across a junction of. two conductors. | 
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Permanent Magnets: Strongly magnetized bodies whose magnetization is little 
affected by the action a aes or external magnetic fields or by moderave mechanical 
shocks. — 

Photoconductivity. The property of a material which causes its resistivity (see 
Table 5a-1) to change when light falls upon it. 

Photoelectric Effect. The liberation of electrons from a surface when light falls 
upon it. 

Piezoelectric Effects. The phenomena of. pa of ene ee in a niyetal: by 
mechanical stresses and the converse. 

Proximity Effect. The distortion of “a evhaneauerent flow in one seendaeton aa 
to that in neighboring conductors. Bu tt 2 

-Pyroelectric Effect. The phenomenon of sanaentibn of charge in a crystal by heating. 

- Rectifiers. Devices which offer higher resistance oece Table oa) to current passing 
in one direction than:the other. 

Seebeck or Thermoelectric Effect.. The flow of current in a circuit cuneate of two 
or more conductors caused by temperature differences at the junctions. 

Semiconductor. A rather poor conductor whose conductivity may be changed 
radically by small changes in its physical condition. 

Series Connections. These are so arranged that current must pass through all ae 
elements in succession. 

Skin Effect. The poncentration of high-frequency alternating current near ‘the 
surface of a conductor. 

Thomson Effects. Phenomena in which potential gradients are produced in & 
material by differences of temperature. | 

Triboelectricity. The electric:charges separated by friction between bodies. 

Volia or Contact-potential Effect; ‘The appearance of opposite charges on. two dis- 
similar uncharged metals when. placed’ in contact and the existence of a difference of 
potential between them. : 

Work Function. The-energy needed to carry a charge across a metal vacuum 
boundary. | yd 

Note on Tables ba-2, 5a-3, ind 5a-4. These tables are Hecwented to facilitate trans- 
position of formulas foi one system of units into another. . In such systems as the 
Gaussian, the formula to be transposed must be written for a medium in which »and 
e are not unity before. using the. tables. For example, the force on a moving charge 
in static fields is . igen 


F = QE + cQ(v xX B’) (Gaussian) 


where F is in dynes, Q and Ein esu, Vv in cm /sec, B’ in emu or gauss, andc ~ 3 X 101° 
em/sec. The equivalent formula in cgs emu is found from Table 5a-3 where, using 
primes for emu quantities, wey write according to directions, cQ’ HOF Q; c1E’ for E and 
obtain ; 


F’ = . QE’ " Q'(v X Pe (cgs emu) 


For mks units, written with a double prime, we use the same table but write 10-F”’ for 
F, 10Q” for Q’, 10-2v” or 10-*1’’ /t for v or 1/é and 10-4B”’ for B’, giving, after cancella- 
tion o throughout, 

= Q’'E” + Qriv x B”) (mks) 


In this formula F’” is in newtons, Q” in coulombs, E” in volts per meter, v’’ in meters 
per second, and B” in webers per square meter. 
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TaBLeE 5a-1. Sympots. Mxs Unir Names. SyYMBOLIc 
DEFINITIONS. DIMENSIONS? 

Quantity Symbol | Mks unit Equivalents 
Admittance........... Y mho Z1=G+jB 
Attenuation...........| ........ decibels 10 log (A1/A2) 
Attenuation constant. ..| a parts/m (a2 — 21)71 In (Ai/ Az) | 
Capacitance........... C farad QV 

Mutual............. Cj Cos farad Q.V, if V; = 0,t ¥r 
Seliv sere newer das CoGe farad | QV, if Vi = O,t 4 r 
Capacitivity........... € farad/m ‘Defined in 5a-1 
Capacitivity of vacuum .| e, farad /m 8.85434 & 10-# 
Capacitivity, relative...| K.,K ratio ee, } | 
Charge............ 2.21 O,Q¢ coulomb | Fundamental 
Charge density, line... .| » coulomb/m | dQ/ds 
Surface............. a,(ps) coulomb /m2? | dQ/dS 
Volume............. p coulomb /m? | dQ/dv 
Conductance.......... G mho R= [V7 
Conductivity.......... v,(c) mho/m | iE“ 
Surface............. v',(o’) mho iE,-! 
Current...............| Lf ampere Defined in 5a-1 
Current density......../i1,J ampere/m? | yE,vyE 
Surface............. i’,1’,J’ ampere/m | ¥’E,,7’E; 
Dielectric constant..... € farad /m Defined in 5a-1 
Displacement, electric. .| D,D coulomb/m?'| «E,«E, «.E + P 
Elastance............. S daraf C3 VQ" 
Mri basa acd ere begs Sim,Srs daraf VQ, if Q = 0,t #r 
Selle. ee bae acer S,Srr daraf V,Q, if Qc = 0,t #r 
Elastivitity........... o daraf-m et | 
Electromotance (electro- 
motive force)........ 6,6 volt Defined in 5a-1 
Electronic charge...... e coulomb 1.6020 X 10719 
Energy............65 W joule 1®,QV, $SE-D dy, 
$JH -Bdv 
Flux, electric.......... y coulomb fn-DdS 
Flux, magnetic........ ® weber Jn-BdS 
Force..........00.20 6% F newton QE, fi X B dv 
Frequency............ y cycle /sec vvA~1,w(2Qir)! 
Frequency, angular... .| radian/sec | 2rv,2rvd~1 
Impedance............ Z ohm él-1, R + 5X 
Intrinsic, vacuum... .| 7 ohm bytey 2? ~ 1207 
Mutial.s osasaes Saws Die Tes ORM:  . biscven hy daedddvuaearae 
Ell 2 404 Atove eacd a: Vi ohm id SST arent ere ata 
Inductance............ L REnEY: «|W ie datendurs YA Wend aphid 
Mutual............. M,,Lim,lrs | henry (1,72) fBo-nd8y 
Self .aoesas hog wa eas L Ler henry (u1?2)—1f B2 dv 
Induction, magnetic... .| B,B weber /m? Defined in 5a-1 
Intensity, electric...... E,E volt /m Defined in 5a-1 


Dimen- 
sions 


mA 2tG)? 


0 

j-1 . 
m—H-242Q? 
m-H-242Q2 
m-H-242Q? 
m--3¢2Q?2 
mm 1]—3¢2Q2 
0 

Q 

IQ 

-2Q 

1-3Q 
m—1-24Q? 
m—l-3tQ? 
m—I-2tQ? 
t1Q. 
I-*t-1Q | 
-4-1Q 
m-H-3¢2Q2 
I-2Q 
ml2t-2Q-2 
ml2t-2Q-2 
mlt-2Q-2 
ml3t-2Q)-2 


ml?t-2Q-} 
mlt-2 


Q 
mlt-1Q-1 
mlt-2 
{-1 

{1 
ml2t-1Q)-2 
ml2t-1Q-2 
mit-1Q-2 
ml?t-1Q-2 
ml2Q-2 
ml2Q-2 
ml2Q-2 
mtQ-} 
mlt-2Q7} 


«Space vectors are printed in boldface. Phasors, which are complex numbers used in solving alge- 
braically for the steady-state value of a sinusoidally time-dependent quantity, are designated by a flat v 


over the symbol. 


For conjugate phasors, an inverted flat v is used. The symbol j is used for (— 13, 
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TABLE 5a-1. SymBoits. Mxs Unitr Names. SyYMBo.ic 
DEFINITIONS. DIMENSIONS (Continued) 


Quantity Symbol Mks unit Equivalents 
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Dimen- 
sions 


nanan oememmemmeeeemneneemnenemnmecmmmeenlll [crmmnamermecncmmemmmmneer erence emcee NS ee ee ee en 


Intensity, magnetic... .| H,H amp-turn/m | »'B, n,'B— M 
Length............... l meter Fundamental 
Magnetization (loop)...| M amp-turn/m | (Kn — 1)H 
Magnetization (dipole) .| M weber /m? (Km — 1)u,H 


Magnetomotance (mag- 


netomotive force)... .| F amp-turn wi £B-ds, SH: ds 
Mass 22. 3 bates aan m kilogram Fundamental 
Moment, electric... .. ..L pp coulomb-m =| Q ds 
Moment, magnetic loop.} m,m -| amp-m? ra*in 
Moment, magnetic (di- 

Pole). siicsuGw ive wes mi weber-m m ds 


Period cues tae es T second we l2a, v1, ro7} 
Permeance......... ae 5 henry R-1,5-1 
Permeability........... m henry /m Defined in 5a-1 
Vacuum............ by : henry /m 4r X 1077 
Relative....... ere Kn Bao fy py 
Phase angle........... 9 TAQIAN, eared genet nese Gates 
Phase constant (see - 
Wave number) 
Polarization, electric...) P ~ {coulomb/m? | (K, — 1)e,E 


Polarization, magnetic 
(see Magnetization) 
Pole strength.......... 
Potential, electrostatic. . 


m weber 
V volt 


Defined in 5a-1 


Electrodynamic. ..... 66 =| volt E = — vé — dA/dt 
Vector magnetic..... A,A weber /m B=VXA 
POWCE, iis hoe heme tsa ys watt aW /dt 


II | watt /m? 
r,(¥) parts/m 
Q. a ratio 


HOEXB | 
a + jp 
wh R71 


Poynting vector....... 
Propagation constant. . . 
Quality factor......... 


Reactance............. x ‘ohm wh, — (wl)! 

Reluctance............ R amp-turn/ | §@71 

| weber 

Reluctivity............ pol 

Resistance........... : VI-1 

Resistivity............ Ei“! 

Susceptance........... Y =G+ 3B 

Susceptibility, electric..| xe $= |........... Ke 
Magnetic...........]xm J ww eee eee eee Kr} 

FEAR ath. as shot es get Ais Fundamental 


LR-,RC 
2.99790 x 108 


T second 
Cc m/sec 


Velocity of light....... 


Wavelength........... ry meter 2181, Qarvw 1 
Wave number (phase 

constant)........... B,k radian /m 2rd wol, y = a + 78 
WOOP nc. ty Miect AS nae WwW joule gf¥F-ds 


I-Yy-1Q 

l 

'u-1Q 
mt-1Q-1 


tQ 
m 

lQ 
[2t-1Q 


ml3t-1Q-1 
t 


|mPeQ-? — 
miQ-? 


mlQ)-? 
0 
0 


—2Q 


ml?t-1Q-1 
ml2t-2Q)-1 | 
ml2t-2Q-1 
mlt—1Q7} 
mlt-3 
mt-3 

[-1 

0 ‘ 
mlt-1Q-2~ 
m-1-2Q? 


m- 1[-1Q2 

ml?t-1Q-2 
ml3t-1Q-2 
m-U-4Q? 
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-TaBLE 5a-2. REDUCTION OF FORMULA TO CGS ESU? 


- Quantity 


Capacitance...... ee | 


Capacitivity........... 
Charge, quantity .. 


Conductance........... : 


Conductivity, area...... 
Conductivity, volume... 
Current. . ee 
Current density: area. 


Current density, volume ‘ 


Displacement........... 
Elastance.............. 


Electromotance........ 


Impedance........:.... 
Inductance............. 
Intensity, electric....... 
Polarization, electric... 
Potential, electric... 


Resistance............. 
Resistivity, area........ 


Resistivity, volume... .°.|. 


Esu | Emu 
C jc? 
€ ce 
Q jc'Q 
G ic%G 
>’ cy’ 
y |e %y 
I cor 
> ee oa 
i co" 
D |c'!D 
S {cS 
& c& 
Z \0Z 
L |c?L 
E |cE 

L |l 

m |m 

P |c™'P 
V icV 
P |P. 
X |c?X 
R =| c?R 
o c'a 
p. cp 


| Practical cgs and rationalized mks 


9-110-"C farad 
9- een preys e,e farad /m 
: 3-*10-9Q coulomb. 
9-110-1G mho 
97 LOT By’ mho |. 
Q-11Q-11y. mho/cm -- 9-110-%) mho ie 
3110-97 amp 
37110794 coves 87110777 snp 
3711079 amp/cm? 3711051 amp/m? 
3711079D | 3¢,10°D coulomb al 
(42% coulomb) /cm? 
9 X 1048S dat 


= 3006 volt 
W erg 10-7W joule 
Fdyne | 10—5F newton 
| 9 & 104Z ohm 
2 9 < 10"Z henry 
300E volt /cem 30,000E volt /m 
l centimeter 10-21 meter 
m gram _ 10-3m kilogram 
37! X 10-9P 371 X 10-5P 
coulomb /em? coulomb /m? 
300V volt. 
10-7P watt » 


P erg/sec 
7 9 X 10:LX ohm 

9 X 10"°R ohm 

9 X 10!40 ohm 

9X Ore ohm-cm. 9. 10% ohm-m 


¢ A formula given in emu, ineauonaused’ practical gs or. rationalized mks units, in which the capaci- 
tivity or permeability, if relevant, appears explicitly, is expressed in cgs esu by replacing each symbol by 


the value given in the emu, practical egs or rationalized mks column, respectively. 
read as an equation relating the size of the units involved. 
the 3 and 9 factors should be replaced by 2.9979 and 8. 9874. 


Each line may be 


Here c is 2.9979 X 101°. For precise work: 


DEFINITIONS, UNITS, NOMENCLATURE, SYMBOLS 5-9 


TABLE -5a-3. REDUCTION OF FORMULA TO CGS EMU? 


Quantity Practical cgs and rationalized mks 
Capacitance.............. 10°C farad 
Charge, quantity......... 10Q coulomb 
Conductance............. 10°G mho | 
Conductivity, area..... rt : . 10°y’ mho 
Conductivity, volume..... 10°, mho/cm 1011y mho ha 
Current..............0.. 107 amp. 
Current density, area..... 10i’ amp/cm 108i’ amp/m > 
Current density, volume. . .| i 10i amp/cm? 105i amp/m*? 
Elastance..............5. ms 10-°S daraf 
Electromotance.......... 10-8 volt 
Energy. :..-.--0-+ 20 ees Weg 10-7W joule 
Flux, magnetic Neer ee & maxwell | 10-8 weber 
FOre@e oo ieee teehee Fdyne -. 10-5F newton 
Impedance............... : 10-°Z ohm 
Inductance.............. * : 10-°L henry 
Induction, magnetic...... B gauss - 10-4B weberin® 
Intensity, electric......... 10-8E volt /cm 10-E volt/m 
Intensity, magnetic....... H oersted: (4r)—1108H 
re Ae amp-turn/m 
Length. 44236 waded aean : l centimeter - 10-2] meter 
Magnetic moment (dipole). 47m’ maxwell-cm 4710-1%m’ weber-m 
Magnetic moment (loop). . 10m amp-cm? 10-3m amp-m? 
Magnetization (dipole)... . 4aM’ maxwell/em? 4710-4M’ weber/m? 
Magnetization (loop).....- 10M amp/cm 1000M amp/m 
Magnetomotance........ : § gilbert. (4r)—1105 amp-turn 
Mass: 2.04 Se cumesuneads mgramt 10-3m. kilogram 
Permeability............. » gauss /oersted 4710772 henry/m - 
Pole strength, magnetic. .. 4am maxwell 4r10-8m weber 
Potential, electric......... ve 10-8V volt 
Potential, vector.......... A gauss-cm 10-6A weber /m 
Power..........000eceeee P erg/sec i 10-7P watt | 
Reactance........... ues  E 1079X ohm 
Reluctance............... | gilbert /max (4r)—1109R 
7 7 amp-turn pseb 
Resistance............ fue 10-°R ohm seat 
Resistivity, area...... ae 107% ohm 
Resistivity, volume....... 10™%p ohm-cm ~. 107%» ohm-m | 


‘aA formula given in esu, Gaussian (starred), unrationalized practical cgs, or. rationalized mks. units, 
in which the capacitivity or permeability, if relevant, appears explicitly, is expressed in cgs emu by 
replacing each symbol by the value given in the esu, starred, practical egs, or rationalized mks columns, 
respectively. Each line may is read as an equation claunar the size of the units involved. Here c is 
2.9979 X 101°, — 
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TABLE 5a-4. REDUCTION OF FORMULA TO RATIONALIZED MKS UNITS4 


Quantity 


Capacitance.............. 
Capacitivity.............. 


Charge, quantity......... 
Conductance....... eee: 
Conductivity, area........ 
Conductivity, volume..... 


Current..........0.0.000... 
Current density, area..... 


Current density, volume... 


Displacement, electric... .. 


Impedance............... 
Inductance.............. 


Intensity, electric......... 


Intensity, magnetic....... 


Magnetic moment (dipole). 
Magnetic moment (loop). . 
Magnetization (dipole).... 


Magnetization (loop). 2 ee 


(a) Practical egs 
(b) mks 


C farad 
| (a) e (4a farad) /em 


(b) ¢ farad /m 
Q coulomb 

G mho 

7’ mho 

(a) y mho/em 


(b) y mho/m 


I ampere 

(a) i’ amp/cm 

(b) i’ amp/m 

(a) iamp/em? 

(b) iamp/m? 

(a) D (42 coulomb) /em? 
(b) D coulomb/m? 
S daraf 

§ volt... . 

(a) W erg 

(b) W joule 

(a) ® maxwell 

(b) & weber 

(a) F dyne | 

(b) F newton. 

Z ohm 

L henry 

(a) B gauss 

(b) B weber /m? 
(a) E volt/cm 

(b) E volt/m 

(a) H oersted 

(6) H amp-turn/m 
(a) 1 centimeter 
(b) l meter 

(a) m’ maxwell-cm 
(b) m’ weber-m 
(a) m amp-cm? 

(b) m amp-m? 

(a) M’ maxwell /cm? 
(b) M’ weber /m? 
(a) M amp/cm 

(b) M amp/m 


Emu 


10°C 
10~%e 
4nr107 Me 
10719 
10-G 
10~%y" 
10~%y 
1Q071ly 
10-17 
10711’ 
10733’ 
107i 
10751 
10-1D 
47r10°5D 
10°S 
1088 


H* 
47 10—°H* 

lL 

102 
(4ir)—1m/* 
(47)—110!%m’* 
107!m* 


| 108m* 


(4ar)—1M’* 
(4ar)—1104M’* 
107°M* | 
103M * 


Esu 


© © 
x xX 


3 X 109D* 
(8e,) !10-4D* 
9-110-118* 
(300)—16* 

W 


1 107w 


371107 


(300) '& 


F 

105F 
9-110-11Z* 
9-110-UL* 
37110-B 
371107-*B 
(300)—1E* 
37110-4E* 

3 X 10H 
12710°H 

l 

102 
(12sr)—110-%m’ 
(127)—1m’ 

3 X 10%m 

3 xX 10!3m 
(127)—1107- 19M’ 


| (120)-110-6M’ 


3 X 10°M 


E x 107M 


¢A formula given in cgs emu, cgs esu, or Gaussian (starred) wnits, in which the capacitivity or per- 
meability, if relevant, appears explicitly, may be expressed in (a) unrationalized cgs practical units or 
(b) rationalized mks units by replacing each symbol with its value in the emu, esu, or starred column, 


respectively. 


work, replace 3 by 2.9979 and 9 by 8.9874. 


Each line may be read as an equation relating the size of the units involved. 


In precise 
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TABLE 5a-4. REDUCTION OF FoRMULA TO RATIONALIZED MKS UNITS (Continued) 


Quantity 


Permeability............. 
“1 (b) pw henry /m 
Polarization, electric 


Pole strength... - ats Beattie 


Potential, electric......... 
Potential, vector.......... 


Resistance.............--] 
Resistivity, area.......... 


Resistivity, volume 


(a) Practical cgs 
(b) mks 


(a) § gilbert 

(b) § amp-turn 

(a) m gram 

(b) m kilogram 

(a) » gauss/oersted 


(a) P coulomb/cm? 
(b) P coulomb /m? 
(a) m maxwell 

(b) m weber 

V volt 

(a) A gauss-cm 

(b) A weber /m 

(a) P erg/sec 

(b) P watt 


X ohm - : i 
(a) & gilbert /max 
(b) G amp-turn /weber 


R ohm 


o0 ohm 


(a) p ohm-cm 
(b) p ohm-m 


Emu 


F* 
4710-15 * 
m 

103m 


ut 


(4r)—1107* 
107'P 

10-5P 

(4) —1lm* 
(4) —1108m* 
108V 


R* 
4r10-9R* 
10°R 

10°o 

10% 

1044p 


Esu 


3X 10! 
127 XK 10°F 
m 

103m 
9-110-2%y 
(367)—1107 34 
3 X 10°P* 

3 X 105P* 
(127)—110—19m 
(12007)—1m 
(800)—!V* 
37110-%)A 

37 110-4A 

P 

10’P 


9-110-114X * 


9 X 107R 
367 X 102R 
9-119-11R* 
9-110-1lg* 
9-110-11p* 
9-110-°p* 


5b. Formulas _ | 
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U.S. Naval Ordnance Laboratory, White Oak, Md. 
_STATIC-FIELD FORMULAS 


Note. In the following formulas ~ designates an approximate equality, K(k) and 
E(k) are complete elliptic integrals of modulus k, F(¢,k) and E(¢,k) are incomplete 
elliptic integrals, In z is the natural logarithm of x, 5,“ is the Kronecker delta which is 
zero unless m equals n when it is one, J,,(x) is a Bessel function, F(z) is a gamma func- 
tion, (2n — 1)!! means 1-3-5-+-+-+ (Qn —1), (2n)!! means 2-4-6--- (Qn). 
Vectors are written boldface unless only the strength or magnitude is involved when 
the same symbol is used without boldface. The positive value of a difference x — y 
is indicated by |z — y|. 


Bb-1. Capacitance Formulas in MKS Units 
Single Body Remote from Earth 


Sphere of radius a C = 4rea ~ 1.1128 X 107% 

Oblate spheroid of semiaxes a andc,a >c C = 4mre(a? — c*)*[tan-! (a2c-? — 1)4)-1 
Prolate spheroid of semiaxesaandb,a >b C = 4re(a? — b?)4[tanh-! (1 — b%a72)#]-2 
Ellipsoid of semiaxes a, b, andc,a >b > c 


C = Are(a? — c7)3[F (k,)}-? 


where @ = sin-! (1 — c?a~*)? and k = (a? — b®)4(a? — c2)-4. 


Circular disk of radius a C = 8ea 
Elliptic disk of semiaxes a and b, a > b C = 4rea{K[(1 — b?a7?)43]}- 
Two spheres of radius a in contact C = 8rea In 2 


Two spheres of radii a and b in contact 
C = —4dreab(a + b)-{2y + vIb(a + b)-] + ylala + b)-4} 
where ¥(2) = I/(s)/f'(s) and y ia Euler’s constant 0.5772. 
i Statle-fleld formulas. 
’ Dynamic-field equations. 
§ Some solid-state formulas, 
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Two spheres of radius a, distance between centers c, connected by thin wire 


- 


C = 8rea sinh B > (—1)"*! esch mB 


n=l 


where cosh 8B = gca-}. 
Two spheres of radii a and b, pence between centers ¢, connected by thin wire 


C = 8reab sinh a ) {(c sinh na)~! + [a sinh ne + 6 sinh (n — l)a}“}} 
n=1 . . : 
where cosh a = }a~1!b-1(c? — a? — b?). 
Two spherical caps with a common rim which ‘eet at an external angle x /h m ahers m 
is a positive integer 


C = 4rea{l + sina > [esc (m—1s7r + a) — ese (m-*sz)}} 


s=1 


The sphere of which the flatter cap is a portion has a callus a and the rim subtends an 
angle a at its center. : 
Same as above but with external angle 3m /2.1 


C = 4re3-4a sin a{3? — 3-14 + [2 sin ao (sin ga + sin nin} 
: : + [2 cos ya(cos qa. + cos 37) } 


Spherical bowl whose chord, drawn from center to rim, subtends an angle a at the 
center of the sphere of radius a on which it lies 

C = 4ea(a + sin a) 
Torus formed by rotation of a circle of radius a about a coplanar line a distance b from 


its center 


C = Sreb(1 — 0-2} » (2 — 40) & 
> 4 | n=l . 
where Py = 2k!K(k’), Qo = 2k3K(k), P1 = 2k-tE(k’), and Qi: = 2k4[K(k) — E(k)] 
and the moduli of the complete elliptic functions are given by _ 
= alb + (? — at} = (1 — 2) 
When n > 1, the following recurrence formula may be used to find both P, and Q, 
(Qn +1)Payi — 4na“bP,, + (2n — 1)Pa1 = 0 
A capacitance table is given in Australian J. Phys. [7, 350 (1954)]. 


Torus formed by rotation of a circle of diameter d about a tangent line | 
C= tial > [J1(ltnd)}-2 So.o(knd) ~ 0.970 X 107d 
| n=l1 . 


where So.o(knd) is a Lommel function and Jo(knd) = 0. 


1For additional intersecting sphere-capacitance formulas, see Snow, J. Research Nail. 
Bur. Standards 43, 377-407 (1949). 
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Aichi’s formula for a nearly spherical surface 


C = 3.139 X 10-1183 
where S is surface area. 
Cube of side a. Close lower limit 


C = 0.7283 X 107% 
Figure of rotation, z = a(cos u + k cos 2u), p = a(sin u — k sin 2u),0 <k < s 
C = 1.11278 X 10-°a(1 — 0.06857k? — 0.00559k*) 


Flat circular annulus, with edges at p = a, p = b a<b 
| re 
C ~ 4.510 X 10-4 | cos ¢ + (1 = 5) tanh $ | (1 +o oT fond 180) 


Error varies from about +0.001C at b = 1.1a to zero at b 


a. 
C = 17.48 X 107!*(a + 6) {In [16(a + b)(6 — a)—]}7 


Error varies from about +0.001C at b = 1.1a to zero at b = a. 

Thin torus generated by rotation of a circle oF radius a about a coplanar line a distance 
b from its center 

=1 


C ~ 3.49066 X 10-™D (in 2 


Capacitance between Two Bodies Remote from All Others and Carrying Equal and 
Opposite Cnargee 


Two sshietés of radii a and b with distance r between centers 


= (C11C22 — C127) (C11 + Coe + 2€12)7! 
, | 


where C11 OF Cog = 47eab sinh a > [(> or a) sinh na + (aor b) sinh (n — l)al. 


n=1 
[v o} 


Cio = —Areabr=' sinh a ) esch na and cosh a = a (r? — a? — b?)a— 157! 


n=1 
Two equal spheres of radius a with distance r between centers 


[- ) 


C = 2rea sinh B > [esch (2n — 1)B + esch 2n8] 
n=] 


where cosh 8 = $ra7}. 
Kirchhoff’s formula for two identical plane parallel coaxial circular disks of thickness t 
and radius r with square edges and a distance d between adjacent faces 


C = 8.855 X 10°74 (rr?d-1 + r{—1 + 1n [16rrd-1(1 + td-})] + 4rtd-! In (1 + t-d)}) 


Two identical oppositely charged plane parallel coaxial infinitely thin circular disks 
at a distance c apart 


C = 8.855 X 10-12{er?d-! + rfln (16erd-1) — 1]} 


Two thin oppositely charged coaxial rings generated by rotating two coplanar circles 
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of radius a about a line parallel to and at a distance b from the line of length c that 
joins their centers : 


¢ = 1.7480 x 10-0 {in 4 4 


~1 
ob A (4a? + 3 A([d + 4cr-4)-a) | 


Capacitance between Two Bodies, One Enclosing the Other 


Concentric spheres of radii a and b, a < b C = 4reab(b — a) 
Spheres of radii a and b with distance c between centers 


C = 4Areab sinh a > [b sinh na — a sinh (n — 1l)al= 


s=0 


where cosh a = =(a? + b? — c?)(ab)—1, 
Confocal ellipsoids with semiaxes a > b > c, a’ > b’ > c’, anda > a’ 


C = drea'(a — a’)-(a® — c®)}{Fl(a? — ba? — 02)", sin (1 — cfa-2)8] }-1 


Small sphere of radius a midway between planes a distance 2c apart 
=I 
C = 1.1128 «K 107 ( = — oa 2) 


Two-dimensional Formulas for Capacitance per Meter Length 


Let U + jV = f(x + jy), then if Vi and V2 form two closed curves in the zy plane 
such that all U lines originate inside one and terminate inside the other and are con- 
tinuous in the intermediate regions, V; and V2 are sections of two cylindrical con- 
ductors and the capacitance per meter between them is 


Ci = e([U]|V2 — V,{7 


where [U] is the increment in U in passing once around V; or V; in the positive 
direction. 
Two circular cylinders of radii a and b with a distance c between centers 


Ci = 2re (cosh a 
One cylinder may enclose the other or they may be mutually external. 
Cylinder of radius a and plane at a distance c from its center 
| C = 2relcosh=! (ca—)]-} 
Coaxial circular cylinders of radii a and b, b > a 
Cy = Qe In (a~1b) 
Confocal elliptic cylinders semiaxes a, b and a’, b’, b > a, b’ > a’,a >a’ 
C, = 2re[tanh™! (6-1a) — uh (b’—1a’)]-1 


Two identical infinite parallel coplanar strips with near-edge distance 2a and far-edge 
distance 2b 


C, = eK[(1 — b-2a®)*][K (ba) 
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Two identical infinite parallel flat strips of width 2a at a distance 2b apart in position 
to form opposite faces of a rectangular prism! 


C, = eK[(1 — k*)4[K(k)] = eK (k’)[K(K) 
where k must be chosen to satisfy 


_ K(k')E{cos™ [E(k’)/K(k’)], k’} — E(k )F {cos EH) /K k’} 
E(k) K(k) — saa 7 


al Ee) 


Approximate formula for above 
Ci = eb~ta{1 + ee + In (2rb7!a)]} 


Square coaxial line with faces of inner square section of width 2a parallel to faces of 
outer square section of width 26 


Cy = Qe KGa? — heat). — hee?) 4] 
1 Biles — des?) — bat) 
where k, and kz are found from 


K(k) _ Kid — kX _ kh b+a 
K{(1 —ki)t] CK (ka) ~ b—a 


Strip of width } coplanar with and parallel to the edge of a comi-infinite grounded 
sheet with a gap a between them 


Cy = 2K [bia + by {Kiah(a + b)74]}- 


Circular cylinder of re a midway between savthed paralle’ pine at a distance 
2b apart : 


C, =~ 4eK(sin 0@)[K (cos 6) 
where 6 must be chosen to satisfy | 
sin @ = tanh [rad(2b0 — ra)- 1 


This is an upper limit which is about 0.1 per cent ‘above the true value when a = gb 
and approaches the true value as a/b diminishes. 

Small wire of radius a parallel to and at a distance c from the nearer of two parallel 
earthed plates at a distance b Daan a<c 


C, = Qne fin 2? in n\" 


Rectangular prism of n sides, each side of width. a, coaxial with and inside circular 
cylinder of radius b. b >a : | 7 
| Ci = 2rre(In (a—bN)]7} 


where N = 2nnF(1 + 2n-)(F CL + n7)]-?. 

Capacitance Edge Corrections. Consider a thin, charged semi-infinite plate with 
straight edge parallel to and halfway between two infinite conducting plates at poten- 
tial zero spaced a distance b apart. Increased capacitance per unit length of edge due 
to bulging of field is equivalent to adding strip of width 7~'b In 2 to the edge and 
assuming no bulging. 


1For other two-strip configurations see A. E. H. Love, Proc. London Math. Soc. 22, 
339-369 (1923). 
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‘Same as above but infinite plates a distance 2B apart and central plates of thickness 
2A with square edge. Increased capacitance per unit length due to bulging of field 
equivalent to adding to central plate a strip of thickness 2A and width 


2fp).2B—A [A(2B — A)]} 
{pin ?B=A ~ Ain #2 — A } 


and assuming no bulging or charge on edge. 

Parallel-plate capacitor with rectangular step in one plate, spacing on one side of 
step a and on other b. 6 >a. Additional capacitance per unit length of step above 
that from assumption of uniform field on each side of step is 


| | | a? + b? b+a b? — a?\-1 
Or (“* ng? + 21n ia) 


Two infinite sheets, each of which has one half bent at right angles to the other, are 

| placed with the edges of the bends parallel so that the distance between sheets on one 
side of the bend is a and on the other b. The additional capacitance per unit length 
of bend over that given by the assumption of a uniform field over each a half of the 
inner sheet and no field in the corner cues is 


Capacitance and Elastance Coefficients 


In. a system of n conductors the charge on conductor m is 
Qm ad CimV 1 + ComV2 So eae “{ Crm Vm a de i CamV n 


In a system of n conductors the potential of conductor m is 


| : Vn oe S1mQ1 + SamQz2 + - aie + SmmQm + Peel + SumQn 
The force or torque tending to increase distance or angle z is 
1 n nr 1 nr n 
anes ICpg re i O8pq 
2 > > Ox QQ. = T 9 > > Ox VoVe 
p=1 q=1 p=1q9=1 


The energy of a system of n conductors is 


>) : CrqVVe = 3 cs y 8rqQrQe 


p=1q=1 p=lq=1. 


For two distant conductors 
Spq = Sap ~ (4rer)—! 


If conductor 2 encloses conductor 1 only, then 

| C11 = —Ciz = and ~— Sip = Bay 
where 1 < 7. 
For two spheres of radii ai and a2 with centers a distance c apart, far from all other 
bodies 

a 
C1 ™ 4reaias sinh a > [ae sinh na + a: sinh (n — 1)aj~! 
nel oS 


pe 
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where cosh a = ¢|c? — a? — b?|a~1b-! and the upper sign is used unless a2 encloses a1. 
If spheres are mutually external 
m:°) 
Cig = —4rediaec™! sinh a > esch ne 


n=1 


If the capacitances to earth of two distant bodies when alone are C; and C2, the 
capacitance coefficients are approximately | 


eee 1672e2r?2C, ‘ . Z CiC, ‘ — 16272e*r?C, 
Sa a a aA aU 12 = 91 Oe 22 we ee 
1” 167er? — C1Ce2 Aer 16r2%er? — CiC, 


5b-2. Electrostatic-force Formulas. The force in the direction of the unit vec- 


tor m on a conductor with surface charge density o in a dielectric of capacitivity ¢ is 


Rist ge J get -nds 


wien n is a unit vector normal to the surface. 

When a uniform isotropic dielectric body of capacitivity « occupies the volume », 
where, before its advent, the field due to a fixed distribution of charge was E and after 
its advent Es its energy is 


W=4] (—oB-E'd 


The force or torque tending to increase the distance or angle z of the above body is | 


The torque tending to increase the angle a which the normal to a disk of radius a 
makes with a field that would be uniform and of strength E except for the disk is 


Tl = 5 aE? oe 


The torque tending to increase the angle a between the field and the major axis of an 
oblate dielectric spheroid of capacitivity « with semiaxes a and b, where b > a, placed 
in a field that would be uniform and of strength E except for the spheroid is 


Qrey(K — 1)2b2aH2(8P — 2) sin 2a 


l= 3K — 1P? + (K — D@— K)P — 2K] 


where P = A[(1 + A?) cot7! A — A], A = a(b? — - q?)- 4 and K = ece,~ 
If the above oblate spheroid is conducting, the torque is 


2re,b2aH?2(38P — 2) sin 2a 


a 3P(P — 1) 


The torque tending to increase the angle a between the field and the major axis of a 
prolate dielectric spheroid of capacitivity « with semiaxes a and b where b < a placed in 
a field that would be uniform and of strength EH except for the spheroid is 


Qre(K — 1)%%aE2(2 — 3Q) sin 2a 


T= 3K — D0? + (K — N@ — K)Q — 2K] 


where Q = C[(1 — C?) coth-!? C + C]. = a(a? — b2)-4 and K = eey~ 
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If the above prolate spheroid is conducting, the torque becomes! 


Qre,b’aE2(2 — 3Q) sin 2a 
30(Q — 1) 


Two parallel cylinders of radii a and b carry charges +Q and —Q and their axes are a 
distance c apart. The force per unit length tending to increase c is 


T = 


Fr, = +Q?c 
The plus sign is used if one cylinder encloses the other and the minus sign if they are 
mutually external. 

Two identical coplanar parallel strips carry charges +Q and —Q, the distance between 
their nearer edges being 2a and between their far edges 2b. The attractive force per 
unit length between them is 


wbQ? 


Py ~ Sea(a + b)[K (a/b) ]? 


Two identical infinite coplanar parallel conducting strips carry equal positive charges 
Q, the distance between their near edges being 2a and between their far edges 2b. The 
repulsive force per unit length between them is 

, a 


ft = oa 4D) 


The force on a point charge at a distance b from the center of a sphere of radius a at zero 
potential is | 
abQ? 


P= 4re(a? — b2)? 


When b > a, the force is toward the center; and when b < a, it is away from the center. 
The repulsive force between a point charge q at a distance b from the center of a sphere 
of radius a carrying a total charge Q is, when b > a, 


a(a? — aay 


a ~b(b? — a2)? 


a | @ a 
At the point Zo, yo, Zo inside a rectangular conducting box bounded by the planes 


x = 0,a, y = 0,b, z = 0,c, the image force on a charge Q is 


_ 2Q? y : sinh Amn(c — sinh Amn(¢ — 220) | 2 Nrro 2 Mary 
eab ~ ginh Amnt a ies b 
n=1lm=1 


in the z direction where Amn = x(ab)—!(m%a? + n2b2)*. The other force components 
are given by cyclic permutation of the symbols z, y, z; a, b, c; and xo, yo, 20. Ata 
distance c from one of two parallel uncharged plates at a distance b apart, the image 


force on a charge Q is 
= al ( 3-%)- ( ‘) | 
a 167rea? c 2,5 b c ai, 


-~where ¢(z,a) is a Riemann zeta function. 


1For torque on general ellipsoid, see Stratton, ‘Electromagnetic Theory,” p. 215, 
McGraw-Hill Book Company, Inc., New York, 1941. 
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On the axis and at a distance b from the center of a conducting disk of radius a carrying 
a charge Q, the repulsive force on a point charge q is 


a(3b? + a%)q , 36% — al b? — a? 


_,a4 
ag E@ + 64) | @- Irb(a? + 62) ' 2rd? 4 van 5] 


At a distance c from the center of an uncharged disiactis sphere ae radius a and ‘dine 
tive capacitivity K, the attractive force on a charge Q is 


Pe (K. ax (K — 1)Q? 5 n(n +1) _ +1) (2 “ 
Agree? Kn +n+1 


At a distance c from the plane face of an infinite block of dielectric of relative capaci- 
tivity K, the attractive force on a point charge Q is 


QP Ed 


ia | 6reyc? K+1 


The attractive force on a point diese Q at a distance a from the plane face of a 
dielectric slab of thickness c and relative capacitivity Ki is 


Po feels Oo wig | 


where 68 = (K — 1)(K + 1)". : 

The attractive force per unit length on a line charge of strength N per unit length 
parallel to and at a distance c from the axis of an upcharges circular cylinder of radius 
a and relative capacitivity K is 


pk —-1 Na? 
ae K + 1 Qreyc(c? — a?) 

For a sonduetor. K = 0; SO the fret: factor is ‘unity. 

The force toward the wall per unit length on a line charge of strength X per want 

length parallel to and at a distance c from the axis of a circular cylindrical hole of 

radius a in an infinite block of dielectric of relative capacitivity K is 


PL RPI + 1 Qre,(a? — ao 


For a conductor, K = ;s0 the first factor is unity. 

The attractive force per ait length on a line charge of strength X per unit icneih 
parallel to and at a distance a from the nearer face of a dielectric slab of thickness a and 
relative capacitivity Kis _ 


= | Xx 2(n—1) 
n=l - im 5 ey 


where 8 = (K — 1)(K + 1)71. 
In the foregoing case, if a =‘mc where m is an integer, the force per unit length is 
expressible in finite terms; thus 


rn BE {b-taG[aa-m + 3 2} 


nel 
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The attractive force per unit length on a line charge of strength per unit length 
parallel to and at a distance a from an uncharged conducting plane is 
2 
Py, = 4rea 
The attractive force between a line charge of strength X per unit length and an 
uncharged conducting sphere of radius a whose center is at a distance b from it is - 
2a? 


F = —_-.———. sin™! 


1@ 
mwéyd(b? — ays (} 


The attractive force between a line charge of strength X per unit length and an 
uncharged dielectric sphere of relative PAD OCLON ALY. K and radius a is 


DY a aye 
= ; (Qn — 1)(Kn +n +1) .) 


5b-3. Multipole Formulas. The potential of a point charge Q is 
Q 


Arer 


where r is the distance from the charge to the field point. 
The force on a point. charge in a field of electric intensity E is 


eis 
The estential of a dipole of moment p‘is 


pcosédé_ pr 
Aner? Ager? 


V= 


where r is measured from the dipole to the field point. 

The force on a dipole in a field Eis F = (p- V)E. 

The torque on a dipole in a field Eis T = p X E. 

| The mutual energy of two dipoles of moment pi, pz which make angles 6, and 6, 
with the vector r that joins them and whose planes intersect along r at an angle y is 


W= Pipe 


jaa se 6, sin 62 COS ¥ — 2 cos 61 ¢ COs 92). 


The components of force and torque between two dipoles are 


The potential of a multipole of the nth order and moment strength p™ is 
(— (= 1) 8p G so 
Va = ren! al, - + + dln 
) (Gam COS me + bam sin mg)r—*—P,.™(cos 6) 


m=0 . 


5b-4. Dielectric-boundary Formulas. If V’ and V” are the electrostatic potentials 
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in the dielectrics ¢’ and e’’, then at their uncharged interface 


: av’ ” 
vi=yp" and yee == ¢!! aks 
| on on 
where n is a coordinate normal to the interface. 
The normal stress, directed from e’’ to ¢’, on the above interface is 


pee ae Di? , Ds 

| 2’ é’ raid 
where D) and D}, are the tangential and normal components of the displacement in e’. 
5b-5. Dielectric Bodies in Electrostatic Fields. A sphere of radius a and capaci- 


tivity « is placed in a uniform field of intensity E. The uniform field intensity inside 
and the potential outside due to its polarization are, respectively, 


36, 
Ei = e + 2e, 


where r is measured from the center of the sphere and E is directed along @ = 0. 

An oblate dielectric spheroid of capacitivity « whose minor (rotational) axis on 6 = Ois 
2a and whose focal circle is of radius c is placed in a uniform electric field E parallel to 
@=0. The uniform field inside and the potential outside due to its polarization are, 
respectively, 


E; = Eoc’M V> = Me — ev)a(a? + c?)E(cot"! ¢ — ¢~1)r cos 6 


where M = {a(e, — &[(a? + c*) cot—} (c-1a) — ac] + ec8}-? 
and C2 = de-2{r? — ce? + [(r? — c2)2 + 4r2c? cos? 6]? } 


ete ss e556 
e + 2e, r? 


V,=E£E 


The above spheroid is placed in a field E’ in the ¢ = 0 direction, normal to the @ = 0 
axis. The uniform field intensity inside and the potential outside due to its polariza- 
tion are, respectively, 


E, = 2E’e,c?M’ V;, = M'(e — e)a(c? + a®)E’[cot—! ¢ — ¢(1 + ¢*)“1]r sin 6 cos ¢ 
where M’ = {ale — ev)[(a? + c?) cot~! (eta) — ac] + Qe,c3}—1 


The above spheroid is placed in a uniform field Eo which makes an angle a with its 
rotational 6 = 0 axis. The uniform field inside and the potential outside due to its 
polarization are, respectively, 


Eo; = Eoe,c?[M cos a + M’ sin a] Vop = EolVpE-} cos « + V,E' sin al] 


where Vi» V,, E, and E’ are given in the preceding formulas. 

A prolate spheroid of capacitivity « whose major (rotational) axis on 6 = 0 is 2b and 
whose focal distance is 2c is placed in a uniform electric field E parallel to 6 = 0. The 
uniform field intensity inside and the potential outside due to its polarization are, 
respectively, 7 


E; = Ee,c3N V> = N(e — &)b(c? — b?)E(coth=! 7 — n7)r cos 8 
where N = {b(e, — €)[(c? — b?) coth™? (c~'b) + be] + ec?}—1 
and n? = Heo? {r? + c? + [(r? + c?)? — 4c?r? cos? at} 
The above spheroid is placed in a field E’ in the g = 0 direction normal to the 6 = 0 
axis. ‘The uniform field inside and the potential outside due to its polarization are, 
respectively, 


E; = E’e,c?N’ V, = N'(e — er)b(b? — c2)E'[coth-! y — (1 — 9?) Ir sin @ cos ¢ 
where N’ = {b(ey — e)[(b? — c*) coth~! cb — be] + Qe,c3}-1, 


FORMULAS 6-23 


The above prolate spheroid is placed in a uniform field Ep which makes an angle a with 
its rotational 6 = Qaxis. The uniform field inside and the potential outside due to its 
polarization are, respectively, a 


Eo: = Eve.c3[N cos a + N’ sin al] Vop = E,o[V,E™ cos a + VE sin a] 
where Vp, V4 E, and E’ are given in the foregoing formulas. & 


5b-6. Static-current-flow Formulas. Linear-circuit Formulas. See steady-state 
alternating-current formulas. 

Currents in Extended Media (Three Dimensions). The following formulas assume 
the medium to be uniform, homogeneous, and isotropic and to have a resistivity p 
which obeys Ohm’s law. 

The resistance between a single perfectly conducting electrode immersed in an 
infinite medium and the concentric infinite sphere is related to the capacitance of the 
same electrode by the formula 

R = pe,C™ 


where the capacitance C for a sphere, prolate or oblate spheroid, ellipsoid, circular 
disk, elliptic disk, two spheres in contact, two spheres connected by a wire, two spheres 
intersecting at an angle +/m, a spherical bowl, torus, cube, and circular plane annulus 
are given in the electrostatic section. The resistance between widely separated 
source and sink electrodes immersed in an infinite medium is 


Rie = Ry + Re — p(2rr)™ 


where R, and R2 are the resistances to infinity of each alone and r, the distance 
between them, is large compared with their dimensions. The resistance to infinity 
of a single electrode, sunk into the plane surface of a semi-infinite medium such as the 
earth in such a way that the submerged part, if combined with its mirror image in the 
surface, would form one of the above electrodes is 


R = 2pe,C-} 


When both source and sink electrodes are half submerged in the plane face just 
described, the resistance between them is 


E | R = Ry ~ 2[Ri + Re — p(2ar)-1] 


where R12, fi, and R» have the same significance as before and r, the distance between 
them, is much larger than the electrode dimensions. In the preceding case, if the 
medium has a resistivity p1 to a depth a and pz below this depth, then the resistance 
between electrodes is 


~ (+R, —- fb 47! (—8)” (=8)" 
R 2{R + Rs eu aie | |} 


2ur rs Qna Ss (42a? + r2)3 
n 


where B = (p1 — p2)(p1 + p2)~! and both a and r are large compared with the electrode 
dimensions. 

Two perfectly conducting disk electrodes of radii a and b are applied to the plane 
horizontal face of a semi-infinite homogeneous medium whose horizontal and vertical 
resistivities are p; and pe. If the electrode spacing r is much greater than a and b, the 
resistance between them is 


R = (p1p2)3[(4a)—? + (4b)-? — (er)74] 


Two conical perfectly conducting electrodes of half angle 6 with an angle a between 
their axes pass normally through a spherical shell of thickness b and resistivity p. 
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The resistance between them is rigorously 
| | R = p(xb)7} cosh-! (ese 6 sin $a) 


A cylindrical column of length / and radius a of material of resistivity p connects 
normally the plane faces of two semi-infinite masses of the same resistivity. The 
resiatance R between the infinite hemispherical perfectly ‘conducting electrodes 
bounding the masses lies within the limits 


ply a 

awa? + 2a att = ara — lin (1 + za/l)| 
This formula is most accurate for small values of 1 /a and is exact atl = 0. For large 
values of | | , | | | a | 
7 R = pa-*(0.31831la7! + 0.522) 


Perfectly conducting disk electrodes of radius 6 are applied concentrically to the ends 
of a solid right circular cylinder of radius a, length c, and resistivity p. The resistance 
between them is | sea 
| R ~ 2p(xa?)“ {ce + fb)] , he 
where f(0.25a) = 2.05164a, f(0.50a) = 0.5336a, and f (0.75a) = 0.1060a. The errors 
are less than 0.05 per cent if ¢ is greater than 4a. ue : 
Currents in Extended Media (Two Dimensions). The resistance between perfectly 
conducting plane electrodes covering the ends and orthogonal to the sides of a bar of 
rectangular section, resistivity p, and thickness b bent in a circular arc with inner 
radius a and outer radius c, which subtends an-angle a at the center, is : 


R= pab- [In (ae)? 


The resistance between two smali cylindrical electrodes of radius r passing normally 
through a strip of width a, thickness 6, and resistivity p at a distance 2c apart on a line 
midway between its edges is, if r<«<aandr <c, 


p a sinh 27a~!e 
—— Jn —————_ 
ab wr 


R= 


The resistance between the electrodes in the above strip when they are equidistant 
from its center on a line normal to its edges is : 
| R~ In 2a tan ra7'c 
| ab ar 

In the following six configurations the bars of resistivity p have rectangular cross 
sections and are of uniform thickness b. Perfectly conducting electrodes cover the 
ends which are at right angles to the sides. For 1 per cent accuracy the interval 
between each end and the beginning of the boundary perturbation should exceed 
about twice the width of the intervening straight bar. — 
A bar of width a has an infinitely narrow cut of depth c normal to one side. The 
additional resistance due to the cut is 


AR = —4Ap(xb)- In cos 37a ic 


One side of a bar is straight and the other has a rectangular step init. The width on 
one side of the step is a and on the other c where a > c. The additional resistance 
due to the distortion of the flow near the step over the sum of the resistances of the two 
straight portions alone is | 


Cone ence ae, oe, 
AR =4 ee in@ re +21In% =) 
oT ab ac oT eae © ~ fac; 
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In the preceding case the corner of the step is cut off at 45 deg so that the width 
increases linearly from c to a. The additional resistance due to the tapered section 
over that of the two straight portions alone is 


AR = 


8a2c? 


2 . 2 = 
= as SP Ne tan7 f+ toe -) 
= ac a ac 
A eae rectangular bar has a auhtenele pend. the. width on one side of thé bend 
being a and on the other c. The increase of resistance over the sum of the resistances 
of the two straight portions alone, the corner rectangle common to both being excluded, 


2 2 


A straight rectangular bar of width a has a hole aritied aesuen it equidistant from its 
edges. Thei increase in resistance due to the hole is less than — 


AR = —2pc(abé)— In cos 0 


where @ is a parameter chosen so that sin @ = tanh [rc@(a@ — wc) I. © 

These formulas are practically exact for small holes far from the ends: When the 
diameter of the hole is half the strip width R is about 0.1 per cent too ee For 
small values of c/a the parameter is given by 


The value of AR given above is ceianped if ‘te hole is replaced by two epuewculet 
notches of the same radius in opposite edges of the strip. 

Perfectly conducting electrodes are applied to a block of aeiness b, width a, 
length c, and resistivity p in such a way as to cover the full thickness over a band of 
width w at the center of opposite ends.. The resistance between the electrodes lies 
between the limits sn : : 


2 cosh 3ra-tc Ds sinh g7aqle 
<P cosh7? sinicenat Se > R > —sinh"} seein Lees 
ue singra'w sob sin y7a~!w 


6b-7. Static-magnetic-field Formulas. Magnetic Field of Various Circuit Con- 
figurations. The magnetic induction due to a current density 1 i flowing 1 in a vouune vis 


Baty i dv. 
B=ty x fe 


The magnetic induction of a thin linear circuit with total current J is 


ul f{ sin 6 ds 
An Fr. 


B= 


where 6 is the angle between ds and r and B is normal to the plane of ds and r. 

The magnetic induction due to a long straight cylinder carrying current parallel to its 
axis, when both current density and permeability are independent of the azimuth 
angle 0, is Be = weala(2ra)~! where a is distance of field point from oa I, is current 
inside radius a, and » is the permeability at the field point. 

The edges of a flat strip lieat ¢ = aand x = —a-and it carries a aiioanly distributed 
current J in the.z direction. The distances of a field point in the positive quadrant 
from the near and far edges are, respectively, 7: and rz and :the angle between 1; and re 
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is a. The magnetic induction components are 


le _ _ al 
By 4ra In T1 Bs ~ 4ra Pe 
A conductor of rectangular section of area A is bounded by the planesz = a,x = —a, 
y = 0, and y = —b and carries a uniformly distributed current J in the z direction. 


The distances from a field point in the positive quadrant to the corners, starting with 
the nearest and proceeding clockwise about the z axis, are ri, 72, 73, and 74. The angles 
between successive r’s are a1, a2, a3, and ay, and the x and y components of r; and r3 
are 21, yi and 23, ys. If all the above quantities are taken positive, the magnetic- 
induction components are 


B; 


aa ; pl (A)! (zz — yio1 + 23 In |= 21 In 2) 
T2 T1 


Bb, : pl (wA)~ (z= — X103 + ys In ion yi In “2) 

2 ; 4 Tif 

The space inside and outside the conductor has the same permeability uy. 

The magnetic induction outside the conductors of a long bifilar line that consists of a 
cylinder whose axis is y = a which carries a uniformly distributed z-directed current I 
and another cylinder whose axis is y = —a that carries the same current in the 
opposite direction is 


B, = ; —lyTz(re-? — 117?) B= — aryl [rey +a) — ri *(y — a) 


where 7; and rz are the distances from positive and negative wire axes, respectively, 
and uw is the permeability of the conductors and surrounding space. 

The magnetic induction of bifilar lines composed of flat strips or rectangular bars can 
be found by taking the vector sum of the inductions already given for each conductor 


alone. 

A long circular conducting cylinder of radius b has a longitudinal hole of radius a whose 
axis is displaced a distance c from the cylinder axis. If a longitudinal current J 1s 
uniformly distributed over the conducting area, the induction B in the hole is uniform 
and normal to c and its magnitude is 


B= pcl {2x (b? — a*)|~ 


A circular loop of wire lies at z = 0, p = a and carries a current clockwise about the 
zaxis. The magnetic-induction components are 


B: = AC = a'pI2) Bp = Aa zl, 


where! J; = a7! if (1 — b cos 0)-? dé, Ip = in (1 — 6 cos 6)? cos 6 dé, A = 


1yla%(a? + zg? — p2)-?, and b = 2ap(a? + z? — p?)7}. 
Two coaxial wire loops of radius a at a distance a apart carry currents J in the same 
direction and constitute a Helmholtz coil which gives a nearly uniform field on the axis 
midway between them. For a small distance r around this point the field varies as 
(r/a)*. The induction there is : 

B = 8pI5-3a-! 


Accurate values of B may be found by a superposition of the fields calculated sepa- 
rately by the preceding formula for a single loop. 


1 Six-place tables of I1 and I2 suitable for linear interpolation are given by C. L. Bart- 
berger, J. Appl. Phys. 21, 1108 (1950)... 
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The magnetic-induction components at a great distance from a small loop of wire at 
9 = gx, r = a which carries a current J are 


B, = sulr-a? cos 0 Bo = qulr-3q? sin 6 


A rectangular loop of wire lies at x = +a, y = +b and carries a current J clockwise 
about the z axis. The distances of the field point at z, y, z in the positive octant from 
successive corners, starting with the nearest, are 71, r2, 73, and r, and the components 
of r; and r3 are 21, yi, z and 23, ys, 2. The components of the magnetic induction are 


Bz = qu ylz{[ri(ri — ys)}7! + [rs(rs + ys)]7? — [rare + ys)}-? — [re(re — yi)]73} 

B, = gu plz {[rs(rz + 3)}-? + [rary — 21))-? — Era(ra — ta) — [ra(re + 23)174} 

gu yl {ar[ri(rs — ys) — walra(rs + ys]? + aalra(re — ys) — aslra(rs + ys) J? 
+ yilriQr: — 21)? — yilra(re + 23)J7? + yslra(ra — 2a)! — yslrs(r3 + 23)]-4} 


& 


All lengths are to be taken positive. If the single wire of the preceding formulas is 
replaced by N wires, the fields may be found rigorously by superimposing N solutions 
of the type given, one for each wire, or by integration over the section. In case the 
area of this section is small compared with other coil dimensions, a sufficiently accurate 
result is often given by substitution of NJ for J in these formulas and the use of the 
dimensions of the center turn for that of the loop. 

A helix of pitch a is wound on a cylinder of radiusa. The angles between the positive 
axis and.vectors drawn from the field point to the ends of the helix wire are 8; and 2. 
The axial component of the induction is then given rigorously by 


B, = {ul cot a(ra)—'(cos Be — cos B1) 


There is also a component normal to the axis which becomes negligible when a is small. 
The axial component of the induction on the axis of a solenoid with n turns per unit 
length is, using the notation of the preceding formula, 


be = sun (cos Bo — COS Bi) 


The induction approaches uniformity everywhere inside an infinitely long solenoid 
as the pitch decreases and its limiting value is Bz, = nul. 

When any figure, such as a torus, generated by the rotation of a closed curve about a 
coplanar external line, is closely and uniformly wound with N turns of wire so that 
each turn nearly coincides with one position of the generating curve, then, when carry- 
ing a current J, the exterior induction is zero and the interior induction is 


By = $uNI (er) 


A coil of N circular turns wound closely over the entire surface of an oblate spheroid 
whose major and minor semiaxes are a and b will give a uniform induction B inside, 
provided that the projections of these turns on the 6 axis are uniformly spaced. The 
total number of ampere-turns needed is 
B —b? —~ 

; ee ils — ar(a? — =o % cos! aay | 
When b = a, this becomes NI = bB/(4rp). 
A coil of N circular turns wound closely over the entire surface of a prolate spheroid 
whose major and minor semiaxes are 6 and a will give a uniform induction B inside, 
provided that the projections of these turns on the b axis are uniformly spaced. The 
total number of ampere-turns needed is 


| B b? — @ 
NI = 7, |S aC  eT S| 
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Self- and Mutual Inductance for Static Fields. The mutual inductance between two 
circuits is given by the formulas 


M =Ly = 10, f, r7) ds, ° dS = 47-1107 J.B: B.- B, dv 


where ds, aud ds, are elements of circuit 1 and circuit 2 and B; na Bz are their 
separate magnetic inductions for unit current. One line integral covers co circuit 
and the volume integral covers the whole field region. 3 

The self-inductance of a circuit is a special case of the above formula 


L = $0107 | B? dv 


where B is the magnetic induction per unit current and v includes the entire field 
region. | 
The energy in the field of n circuits carrying currents I;, Io, .. . , In is 


ee z y y Log] pl q 


_ p=0 g=0 


Note. In the following material there are many references to Grover. These 
refer to F. W. Grover, “Inductance Calculations,’’ D. Van Nostrand Company, Inc., 
New York, 1946. In this book most inductances are given in microhenrys and lengths 
in centimeters. In the following formulas mks units are used; so the inductances are 
in henrys and the lengths in meters. Unless otherwise stated, the permeability 
throughout is that of a vacuum. 


The self-inductance of a round wire of relative ed Kn and length d in a 
vacuum is | 
L = 2ifin Qa“) — 1+ 1K, x 1077 


The self-inductance of a rectangular bar of perimeter p is 
L = 2i[ln (4p-N) + 3 + 0.11181-1p] X 10-7 

The self-inductance of a bar of elliptical section, .semiaxes and b, 1s 
L = 2i{In [21a + b)~)] — 0.05685} 1077 

The self-inductance of a tube of external and interiial radii a and b is 


b4 7b? — 5a? 
CE = BH 5 a@= 6) 


Note. In the following formulas for bifilar lines the inductance per anit eee is 
found by setting 1 = 1. In all cases / is supposed to be much greater than the pair 
spacing. The current densities are taken uniform. The current goes out on one 
element and returns on the other. | 


ie 21 | In a ale | x 10-7 


The self-inductance of two parallel cylinders of adit a and b and length / with a 
distance d between axes is — | | 


= 1{1 + 2 In [(ab)—!d?]} & 1077 


The self-inductance of two similar parallel wires of radius a and relative permeability 
K., with a distance d between axes is 


~ I[4In (a-1d) + Km — 4d] X 1077 
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The self-inductance of two similar parallel rectangular wires of permncter P with a 
distance d between centers is 


« [41 In Op 1d) + 61 + 0. 447p — 4d] X 1077 


The self-inductance of two similar parallel tubes, external radius a, internal radius b, 
with a distance d between centers is _ 
ree 4b! a , 3b? — _ 
bwileing + gra apng + ara x 1077 
The self-inductance of a coaxial line when the external radii of the inside conductor, 
insulation space, and outside conductor are c, b, and a, respectively, and the relative 


permeabilities K,,, K’,, and K*" and when the length lis great compared with a is 


” 4a‘ a 3a? — b? e 
L=a {i Km + Kain? +3K. | gaan? - 34 Bat BN 19-1 


If Km = Ki, = K*., this formula also holds for a noncoaxial line provided the axes are 
parallel. | es —— | 

The self-inductance of a wire of radius r and relative permeability K,, which is bent 
into a circular loop of mean radius a, neglecting small terms in r4/a/, is | 


tee 72 j Ba ze 
L = 4ra 1+ 33 n— + —_ — 2 +4 DR x 10 


The self-inductance of a wire of radius r and relative permeability Ks which is bent 
into a rectangular loop with sides a and b and diagonal d = (a? + b?)4 is! 


2ab 2ab 


| 7 ; | 

os aks eee, | |, —7 
L~4laln, tera te EH +2 (2- PK) @ +H) | x10 
The self-inductance of a wire with rectangular section of perimeter p which is bent 
into a rectangular loop with sides a and 6 and diagonal d, is 


| 4ab Aab 
= 4 l 2 aes 
L [ain oa aa +? 2a ew t ad+- 3 (a +b) +0.223p | x 10 


The self-inductance of a thin band of radius a and width b is 
L = 4ra{ln (8b-!a) — 4] xX 1077 


The mutual inductance of two thin coaxial circular loops of radii a and b, when r; and 
r2 are the farthest and nearest distances between the loops, is given in terms of com- 
plete elliptic integrals by? 


M = 8xk~atbi{(1 — £k2)K(k) — E(k)] X 1077 
= 8k, 'atbi[K(k1) — E(ki)] X 1077 


where k? = 1; ~2(r1? — ro?) and ki? = (ri — re)(ri + 7r2)7}. 
The mutual inductance between a long straight wire and a loop of radius a whose 
diameter it intersects at right angles at a distance c from the loop center is 


M = 4nx[c sec a — (c? sec? a — a?)§] X 1077 c>a 
M = 4nc tan (qr — 4a) X 10-7 c<a 


1 Tables are given by Grover, pp. 59-65. 
‘< Grover gives tables on pp. 77-87. 
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where a is the acute angle between the plane of the loop and the plane defined by its 
center and the straight wire. 

The mutual inductance of two parallel coaxial identical rectangular loops whose sities 
are a and b and which are spaced so that the distance from any corner of one loop to 
the most distant corner of the other is d, is! 


_ (a + A)B (> + B)A : 
M =4[aln - GD +? AB 4 8 - 42 B +a)| x 10" 


where A? = a? + d?, B? = b? + d? and D? = a* + 6? + d?. 

The mutual inductance between two circular loops of wire whose axes intersect at an 
angle y at a point where the radius a of one loop subtends an angle a and the radius b 
of the other an angle 8 is 


oa 


_ a*sinasinB,, air | ery ee 
M = 4r’a > tae Oe in + 1) P,'(cos a)P, (cos 8)P,(cos y) X 10 


n=l 


where the last terms include two associated Legendre functions and one polynomial.’ 
The mutual inductance of two circular loops with parallel axes can be calculated from 
tables in Grover, pages 177 to 192. 


Note. ‘The self- or mutual inductance of thin coils whose cross section is small com- 
pared with other dimensions is given approximately by insertion of the factor N? 
or NiNz2, respectively, where N is the total number of turns, in the corresponding loop 
formula and the use of the mean coil dimensions for the corresponding loop dimensions. 


A circular ring encircles or is encircled by a coaxial helix, the larger radius being A 
and the smaller a. The distances from the plane of the ring to the farther and nearer 
ends of the helix are b; and b2 and n is the number of turns per meter on the helix. 
The mutual inductance is 


M = 2nn(A + a){clki(Ki — Bix) + ke Ks — E.)]) + (A — a)(bi Wi + be Y2)} 
x 1077 


where the subscript 1 or 2 indicates the use of b; or be for b in the following formulas: 


kt = 4Aal(A +a)? +B} k= —k*) c& =4Aa(A+a)? k’sin B= (1 —c*)} 
= K(k)E(k’,B) — [K(k) — E(k) |F(k’,B) — $m 


The upper sign in the + is taken when the plane of the ring cuts the helix; otherwise 
the lower sign is used. Complete elliptic integrals of modulus k are indicated by K 
or K(k) and E or E(k) and E(k’,8) and F(k’,8) are incomplete elliptic integrals of 
modulus k’ and amplitude 86.3 


Note. The following current-sheet formulas assume that the current density on the 
shell is uniform and flows around the cylinder normal to the axis in an infinitely thin 
sheet. A correction may be added to take account of the fact that the current is 
actually concentrated in wires of definite radius and spacing as in Grover, pages 148 to 
150, but is often not needed for close windings. By a process equivalent to integration 
of the preceding formula, an exact formula for the mutual inductance between a 
cylindrical current sheet or helix and a coaxial concentric current sheet can be derived.‘ 


1 For tables, see Grover, pp. 66-69. 

2 For tables, see Grover, pp. 193-208. 

3 For tables, see Grover, pp. 114-118. 

4Louis Cohen, Bull. N oi Bur. Standards 3, 298 (1907). For practical purposes, tables 
given in Grover, pp. 122-141, are better. 
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The self-inductance of a current sheet of radius a, length b, and diagonal d = 
(4a? + 6?)3 having a total number of turns N is! a : 


L = $rb-?N%{d(4a? — b2)E(k) — b’'dK(k) — 803] X 10-7 


where k = 2d—a. 

A current sheet is wound on the surface of the toroid formed by the rotation in the ¢ 
direction of a plane area S about an external line. If there are N turns and if the 
current density is independent of ¢ and has no ¢ component, then the self-inductance is 


L= 2K aN? f r-tdS X 1077 
8 


where Km is the relative permeability inside the current sheet and r is the distance 
of the area element dS from the rotational axis. The self-inductance in the above 
case, if S is a circle of radius a whose center is at a distance b from the rotational axis, is 


L = 4rK,,N*[b — (b? — a®)4] x 1077 


The self-inductance, if S is a rectangular section with sides parallel to the axis of length 
a and sides normal to it of length b and with the inside surface a distance FR from the 
axis, 18 
: L = 2N’aK,, In (1 + Rob) X 1077 
The self-inductance of a circular coil of N turns and circular section is 
iL = 4eN?a[(1 + $r’a~*) In (Sra) ++ r2(240%)-1 — 1.75] x 10-7 


where ris the radius of the section, a the radius of the axis of the section, and (r/a)" 
is neglected when n > 2. The self-inductance of the above coil if it has @ square 
section of side c is, if c <a, | 

L = 4raN?{3{1 + c?(24a2)—1] In (32c-2a?) — 0.84834 + 0.051a-%c?} x 10-7 


The self-inductance of coils of rectangular section can be calculated from tables given 
in Grover, pages 94 to 113. 7 

The mutual inductance of coils of rectangular section and parallel axes can be ecal- 
culated from tables given in Grover, pages 225 to 235. The mutual inductance of 
coils of rectangular section with inclined axes can be found from tables given by 
Grover on pages 209 to 214. 

The increase in self-inductance of a circuit due to the placement of a sphere of radius 
a and relative permeability K,, in a position near it where the induction B per unit 
current is nearly uniform is | 


AL =~ a®B*(Km — 1)(Km + 2)-! & 107 
The increase of self-inductance of a loop of radius a due to the insertion concentrically 
of a sphere of radius b and infinite permeability is 

AL = 8ra-%b*K (a-*b?) X 10-7 


The mutual inductance between two coaxial loops of radii a and 6 when the distance 
between centers is c and there is an infinite slab of thickness ¢ and relative permeability 
K between and parallel to them, is 
M = Br(ab)¥(1 — 62) ) bam 18™((1 — ky?) K (a) — E(ha)] 
n=0 | 
Kn? = dabl(a + 6)? + (c + Qnt)}-2 B= (Km — 1)(Kn + 2)7! 


1 For most purposes the tables given in Grover, pp. 142-162, are more practical than the 
formula. 
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Magnetic Forces on Circuits. The component of force in newtons tending to dis- 
place one of a pair of circuits in the z direction, the other being fixed, is 


M 
F, = hh 


where J, and J, are the currents and M is the mutual inductance. The torque in 
newton meters tending to rotate one of a pair of circuits through an angle a, the other 
being fixed, is 


Te = ne 


Thus any desired forces or torques may be computed from the mutual-inductance 
formulas of the last few pages by differentiation, provided that it is possible to express 
M explicitly in terms of x ora. When this is not possible the difference in the mutual- 
inductance values calculated for the position x or a and the position x + dx ora + da 
using the Grover tables may be multiplied by I,J. and divided by dz or da. In many 
cases the tabular intervals are small enough so this will give adequate accuracy; in 
other. cases careful interpolation will be needed. Notice that in Grover’s tables 
distances are in centimeters. 

The force per unit length between two long parallel circular cylinders or tubes 
carrying uniformly distributed currents J, and [2 is 


Fy = 21,I.a7 x 1077 


The force is attractive when J; and J, have the same direction; otherwise it is repulsive. 
The force per unit length between two parallel strips! of width a symmetrically 
placed with their faces a uniform distance b apart and carrying currents J; and I; 218 


41, Too~ [tan (ba) — ya7b In (1 + b-2a?)] X 1077 


The force is ateacive when J; and I, have the same direction; otherwise it is repulsive. 
The force between two coaxial loops of radii a and 6 with centers at a distance c 
apart that carry currents I; and I 2 is | Mee ae 


F = Iylerck{atb}(1 — k?)][(2 — i) BR) — 2(1 _ k?) K (k)] x 1077 


where k? = AcibiG + b)2 + + c?]-!. The force is attractive when I; and 2. enciclé the 
axis in the same direction. aus 

The axial force between a circular foop of radius a. and a Wee aa ais of sia b 
(a may be greater or less than b) and n turns per meter is ee 


F = 1,Ian(M — M’) X 107% 


The loop center may lie inside or outside the helix. Here M and M’ are the mutual 
inductances between a loop of radius a and coaxial loops of radius b whose planes pass 
through the extreme near end and extreme far end of the helix, respectively. The 
force is toward the center of the helix if the currents circle the axis in the same direction. 

The force between a helix and a coaxial circular coil of mean radius a, square section 
of side c, and N turns is given approximately by the foregoing formula if NJ; is used 
for I, and all + c2(24a?)—}] for a. The force between two coaxial single-layer coils 
may be calculated by a formula in Grover on page 258 and a table on page 115. 

The torque on a circular coil of rectangular section with internal and external radii 
a and b and any length which carries a current J, has N turns, and whose axis makes 


1The force between two parallel rectangular bus bars is given by B. Hague, ‘‘ Electro- 
magnetic Problems in Electrical Engineering,” p. 338, OxtOrt PURivoraty, Press, New York, 
1929. | 
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an angle a with a uniform field of induction B is 
| _ = InBNI(a? + ab + b?) sin a 


The torque on the above coil if it has a circular section of radius b whose center is at a 
distance a from the axis is 


T = ~rBNI(4a2 — b?) sin a 


The torque on one of two concentric circular loops of wire of radii a and b which carry 
currents J, and 72 is 


On +20 (20 + 1) Sa\2et. 
T = 4etalyl, X 10-7 | | eat | (¢) Pony! (C08 @) 
n=Q 


where a is the angle between their axes and P2n411 (cos a) is a Legendre function. It 
is directed so as to set one current parallel to the other. 
.The force on any circuit near the plane face of a semi-infinite block of material having 
a uniform. relative permeability Km which is independent of field strength equals the 
force. between the circuit carrying a current J and its mirror-image circuit in the plane 
face carrying a current I’ = (Km-— 1)(Kn +1)"'f. The direction of I’, if Kn is 
greater than one, is such that the projections of J and I’ on the interface coincide in 
position and direction. It is evident that if K,, >> 1 then I ~ I’ and the exact value 
of K,, need not be known. | | - 8 

The force per unit length on an infinite wire carrying a current I parallel to the walls 
of an infinite evacuated rectangular conduit of infinite permeability is 


F, = 4nrb—122 & 1077 y esch_ (maab-?) sinh [mrb-1(2c — a)] cos? (mmdb-1) 
| : | . m=1 . .. 2 
where the walls of the conduit are atx = 0,2 =aand y = 0,y =b. The wire lies 
atz =c,y=d. To get F,, interchange a with b and cwithd. The series converges 
very rapidly unless the wire is near the wall. The force per unit length toward the 


nearest wall on an infinite wire parallel to and at a distance c from the axis of an evacu- 
ated cylindrical hole of radius a in a block of material of relative permeability K,,, is 


Fy = 2(a? — c*)“'cI2(Km — 1)(Km + 1)" X 1077 


Permeable Bodies in Magnetic Fields. The energy of an unmagnetized body of 
volume v when placed in a field of induction B produced by fixed sources in a region of 
constant permeability yp is : 


Wek fort nee Be do 


where B; and yu; are the final values of the magnetic induction and permeability in the 
volume element dv inside the body and the integration is over the volume of the body. 
The torque tending to decrease the angle a between B and the major axis of an 
oblate permeable spheroid of relative permeability Km with semiaxes a and b, where 
b > a, placed in a uniform field of induction B produced by fixed sources in a vacuum is 


7 (Km — 1)%aB%(3P — 2) sin 2a saat 
~ (Km — 1)*P? + (Ky — 1) — Kn)P = Kol 


where P = A[(1 + A*) cot“! A — AJ and A = a(b? — g?)-3, whe of e 
The torque tending to decrease the angle a between B and the major axis of a prolate 


T 


§-—34 ELECTRICITY AND MAGNETISM 


permeable spheroid of relative permeability K,, with semiaxis a and b where b <a 
placed in a uniform field of induction B produced by fixed sources in a vacuum is 


(Km — 1)?b?aB?2(2 — 3Q) sin 2a 


T = F(K~ — 1)2Q? + (Km — D@ — Kn)Q — 2Knl 


xX 107 

where Q = c[(1 — c?) coth7!c +c] andc = a(a? — b2)73, 

The attractive force between a long cylinder carrying a uniformly distributed cur- 
rent J and an external sphere of relative permeability K,, and radius a whose center 
is at a distance b from the cylinder axis is | 3 


: + on = Minn =) (2) 
F = 4/2 X 1077 2, (Qn — 1)!!\(nKm +n +1) ;) 


_If the permeability is very large in the above case, the force is - 
F = 4[2a%b-1(b? — a?)~? sin-! (b-!a) X 107 


Magnetic Shielding. Two long wires of a bifilar lead at p = c, » = 0 and p =, 
ge = carry currents J and —I and are shielded by a cylinder of relative permeability 
K,, of internal and external radius a and b. The components of the induction outside 
the shield are | _ , : 


tC ] 


pintiginti,—2n-2 gin (2n + 1)0 


ok, —7 SS reo DD ‘ 
Bp 16] x 10 (Km + 1)2b4"+2 — (Km _ 1)2q4nt2 . 
t= 
_ pant2p2nt1y—2n-2 cos (2n + 1)6 
as 7 ——_—_— oe eo 
By 167 < 10 Km + 1%)? — (Km — 1)20"*? 
n= 


A long cylindrical shield of internal and external radius a and b and relative perme- 
ability K,, is placed across a uniform field of induction B. The induction B; inside 
is uniform and of magnitude , 
4K nb?B 


Bi = 7K-bt + (Kn — 10? — a) 


A spherical shield of internal and external radius a and 6 and relative permeability Kn 
is placed in a uniform field of induction B. The induction B, inside is uniform and its 
magnitude is 

9K nb3B 


Bi = OK be | Kn — 170? — a) 


The Magnetic Circuit. The reluctance & of a magnetic circuit is well defined only 
when all the magnetic flux & links all N turns of the magnetizing coils which when 
carrying a current J generate the magnetomotance 5. Then 


F=RE= NI 


The reluctance of a toroid of such high and uniform relative permeability Kun that there 
is no flux leakage can be calculated regardless of the position of the magnetizing coil 
from the current-sheet self-inductance formulas for N turns already given for toroids 


of various sections. Thus 
GR = N2L71 


The change in reluctance of a closed magnetic plane circuit of thickness b, rectangular 
section and uniform relative permeability K. so high that leakage is negligible due to 
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the presence of corners, steps, tapered sections, and circular holes can be calculated 
from the formulas already given for resistance change AR for two-dimensional current 
flow in media of resistivity p. Thus 


AG = 4r X 107Kiyzp 1 AR 


If a gap of uniform width a is cut out of a magnetic circuit of high relative permeability 
Km, normal to the induction B, and if a is small compared with all dimensions of the 
section of area A cut, then the increase in reluctance is 


AR = 4raA“1(Ky — 1) X 1077 


where the surrounding space is empty and the fringing field at the edge of the gap is 
neglected. | | 

The fringing field may be calculated when the region of negative z is filled with an 
infinitely permeable medium except for a gap bounded by y = 3a and y = — 5a 
which extends tox = —«. A magnetomotance is applied across the gap so that far 
from the edge the induction is Bp. The induction B, anywhere on the z axis is then 
given implicitly by ; 


= a—la[BoB,"! — tanh! (ByBo™)] 


where 0 < B, < Bo. 

If the magnetomotance across a gap with faces at z = 3b and z = —%b in an 
infinitely permeable cylinder bounded by p = a is So, then the magnetomotance in 
the gap, when p < ais 


2 1)(ynrp/b) 3 dl 
ee re ee Ce an 
; k T y I)(Anza/b) > 2b 
1 


where C; = —0.17232 and when n > 1. 


- ou"! 0.1775 - 1.1775 - - + (n — 0.8225) _ | 
Cog (OS pene. 16205. Ge Otis) 
The induction is B = —4r X 10-7Vs. This formula assumes that the field across the 


edge of the gap is two-dimensional. If this is the only gap in an infinitely permeable 
circuit, then Jo = NI where N is the number of turns of the magnet coil and J is its 
current.! — 

Permanent Magnets. In the following formulas it is assumed that the magnetization 
M of a permanent magnet is absolutely rigid and that any magnetization induced in it 
by external fields is negligible compared with M@. The energy of such a magnet when 
placed in an external field of induction B in a vacuum is W = — JM - B dv, where the 
integration is over the volume of the magnet and the “loop” definition of M is used 
rather than the “pole” definition. The forces and torques acting on the magnet are 


_W 7» _ ew 
Ox OO. 
The moment of a magnet is m = {M dv where the integration is over the magnet 
volume. 
The mutual (apparently potential) energy of two thin needles magnetized length- 


wise at a distance a apart large compared with their length and having loop moments 
of magnitude m, and mz, when immersed in a medium of relative permeability Km, is 


W = mm2Knr-3(sin 6, sin 62 cos Y — 2 cos 61 cos 62) X 10-7 


3 Tables of $Cn are given by W. R. Smythe, Revs. Modern Phys. 20, 176 (1948). 
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where 6, and 62 are the angles between m, and mz, respectively, and r. The angle 
between the planes that contain m; and m: and intersect inris yy. The repulsive force 
between two needles is —@W /dr and if a is the azimuth angle about any line the torque 
on either magnet about that line is —dW/da, the other magnet being fixed. In a 
vacuum where Km is unity this formula applies to magnets of moments m; and m, 
of any shape provided their dimensions are small compared with r. In other media 
the mutual energy depends on the shape. 

Uniformly magnetized bodies may be replaced by their equivalent current sheets 
for the purpose of calculating fields and mutual torques in a vacuum. The current 
sheet coincides with the surface of the body and the current density encircles the body 
in a path normal to the direction x of magnetization and is uniform in terms of z and 
numerically equal to M. Thus the fields of thin disks magnetized normal to their 
faces and the torques and forces between them are identical with those between 
circular loops already given, if I; and I, are replaced by M; and M2. Similarly, 
in a vacuum the fields and forces involving uniformly magnetized bars may be calcu- 
lated from the formulas already given for solenoids provided nJ, where n is the number 
of turns per meter, is replaced by M. The mutual-inductance tables. given by Grover 
and already referred to may be used. 

A right circular cylinder of length b and radius a uniformly magnetized lengthwise 
with an intensity M, when placed with its flat end against an infinitely permeable flat 
surface, adheres with a force 


“PF = 8nabM*{k-K(k) — E(k] — kn 1K (ks) — B(key)}} x 10-7 


where the moduli of the complete elliptic integrals are k = 2a(4a? + b2) —$ and 
ky = a(a? + b2)-3. If M is very large, this gives, approximately 


F = 2r7a?M? X 1077. 


The same force is experienced by two identical cylindrical magnets placed N to S. 
The same force, but repulsive, appears if they are placed N to N or Sto S. | 

A long straight bar of uniform cross-sectional area S has a uniform lengthwise mag- 
netization M. The flat. end, when placed in contact with an infinitely permeable 
flat block, adheres with a force 


P ~ 2nSM? X 1077 


The above bar bent in the shape of a horseshoe with coplanar ends will, . the mag- 
netization remains uniform, adhere with twice this force. 
The torque on a sphere with uniform magnetization M immersed in a medium of 
relative permeability Km in a field of induction B such that the angle between B and 
M is « is | 
T = 4ra°MB sin a 

—  WVKna +1 


The torque on any body of volume v with a uniform magnetization M when placed 
in a uniform field of induction B in a vacuum so that the angle between B and M isa is 


T = BMv sine 
| | _ DYNAMIC-FIELD EQUATIONS 
5b-8. Field Equations | 
Equations of Continuity between Currents and Charges 


Integral Formulations. VvouUME DISTRIBUTIONS: Consider a region V, bounded by 
a surface S, in which the net positive charge at time ¢ is Q(t); I(t) is the net-current 
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flowing out from the region across the boundary S; then 
1 --% (5b-1) 


Let J(z,y,2,t) designate the current-density vector, p(z,y,2,t) the charge density, and 
n the unit vector at a point on S directed outward from the region: V. The equation 
of continuity in terms of the density functions i is 


Prnes-— 5 [yom 


SURFACE DISTRIBUTIONS: In the discussion of time-varying fields it is useful to con- 
sider limiting cases of volume distributions confined to thin layers as surface distribu- 
tions. Let A be an area of a surface S on which there is a surface current density J’ 
and surface charge density p,. Let I be the curve on S bounding the area A. Equa- 
tion (5b-1) applies with the interpretation that J(¢) is the net current flowing out from 
A across the boundary Ir and Q(¢) is the charge on the area A. In terms of the source 


functions | 
f,Jima=-3 ff as (5b-3) 


: ates n; is the unit vector in the tangent plane at a point on I, normal to © and 
directed outward from the area A. 

MAGNETIC SOURCES: While magnetic charges and currents do not exist per se, certain 
time-varying field phenomena can be interpreted most conveniently formally in terms 
of equivalent magnetic distributions. The source functions will be designated by 
Jm, pm for volume distributions, and J‘,, pm for surface distributions. The source 
functions are related by equations of continuity of the same forms as Eqs. (5b-2) and 
(5b-3). | | 

Differential Formulations. VOLUME DISTRIBUTIONS: 


V-J+2=0 (5b-4) 
a ee = 0 (5b-5) 


SURFACE DISTRIBUTIONS: Suppose the equations of the surface S to be given in 
terms of generalized coordinates 1, u2 by 


x = £(uU1,U2) y = y(ui,U2) Z(u1,U2) 


Let a; and az be wnit vectors in the tangent plane to the surface auch that a; is in the 
direction of increasing uw, (tangent to the curve vw. = constant) and a2 is in the direction 
of increasing uz (tangent to the curve wu; = constant), and let the corresponding com- 
ponents of the current be J, and Jj, i.e., 

J’ = Jai + Jae 
Further let E, F, G be the differential parameters of the surface defined by 


(ai) + Gus)’ + Gra) 


pea Ot Ot, Oy dy , d% Oz 
OU OUe2 OU OU2 dui dus 


oe ele 


E 
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The differential form of the surface equation of continuity is 


Lair eGaMley-o es 


with g = EG — F?. 

EQUATIONS IN TERMS OF THE VELOCITY FIELD: In dealing with problems of electron 
beams or more generally with charged particles, the currents are defined by the charge 
densities and the velocities of flow. Let v(z,y,z,t) be the velocity of the charge at 
instant ¢ at the point 2,y,z; then | 


The equations of continuity take the form 


pVv-v+ve Vo + 2 = pvev +78 = 0 


pmV + V +V+ Vom + 2% = pm¥ + eee, 


The derivative D/Dt is known as the flow derivative. These equations are hydro- 
dynamical expressions of the continuity between charge and current. 3 


Field Vectors and Constitutive Parameters 


The electromagnetic field is comprised of two electric vectors E and D and two 
magnetic vectors B and H. The relationship between the members of the respective 
pairs of field vectors in a given medium may be characterized by the constitutive 
parameters of the medium, e, the capacitivity, and y, the permeability. The inter- 
pretation of these quantities for a time-varying field will be made more precise 
subsequently. 

Isotropic Media. The constitutive parameters are scalar quantities: 


D 
B 


cE (5b-7). 
uH (5b-8) 


Anisotropic Media. The vectors D and E and respectively the vectors B and H 
are not collinear but are linear vector functions of one another. The constitutive 
parameters « and » constitute tensors of second rank. Let D,, etc., represent the com- 
‘ponents of the vectors and [ ] a column matrix of the components; «;, ui; represent 
the components of the constitutive tensors and (_ ) the square matrix of these com- 
ponents. The constitutive relations for an anisotropic medium have the form 


[D] = ()[E] (5b-9) 
| [B] = (u)(Hl (5b-10) 
or, in component form, 
7 3 
Do = Y jE; (5b-11) 
j=l 
3 
B; = > dig (5b-12) 
j=l 


Both symmetric and antisymmetric forms of the constitutive tensors may be en- 
countered. | 
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Conductivity Parameters. A conducting medium is characterized by a linear relation 
between the current density and the electric vector E, 


J =cE | (5b-13) 


In an isotropic medium o, the conductivity is a scalar; in an anisotropic medium oa is 
a tensor of second rank and Kq. (5b-13) is to be read as a matrix equation of the same 
form as Eqs. (5b-11) and (5b-12). 

Time-periodic Fields. Time-periodic phenomena in which all the field vectors and 
source functions are periodic functions of time are dealt with most conveniently by 
using the complex time representation et, where w is the angular frequency = 2m», 
v being the frequency in cycles per second. Each quantity can be expressed in the 


form . 
F = SFeivt (5b-14) 


where §, the complex amplitude, is a function of position only. The amplitude is a 


complex number 
3 = 5, +95; (5b-15) 


and Eq. (5b-14) has the meaning that the instantaneous value of the quantity F at a 
time ¢ at the point (z,y,z) in space is 


Re Fei#t = F, cos wt — F; sin wt (5b-16) 


The complex representation is applicable to each component of a time-periodic vector 
quantity. A time-periodic vector F can accordingly be represented by 


F = Fei+t (5b-17) 


where the amplitude § is a complex vector function of position, 


=F, + 75; (5b-18) © 


The constitutive relationships (5b-9) and (5b-10) are strictly definable only for 
time-periodic phenomena; the relationships become relationships between the respec- 
tive complex amplitudes : 

[D] = (©[é] (5b-19) 
[8] = (#)[3] (5b-20) 


with the matrix components ¢;; and yi; being complex numbers that are functions of 
the frequency w. The frequency dependence of the constitutive parameters is known 
as the dispersive property of the medium. The conductivity parameter a is in general 
also frequency-dependent. 

The relations (5b-7) and (5b-8) are applicable to other than time-periodic time- 
varying fields only when over the significant part of the frequency spectrum covered 
by the Fourier components of the time dependence the constitutive parameters « and 
» are sensibly independent of frequency. 

Polarization Vectors. The role of a material medium in an electromagnetic field is 
expressed by distributions of electric and magnetic dipoles. The medium can be 
characterized by two polarization density functions P, electric dipole moment per unit 
volume, and M, magnetic dipole moment per unit volume. The polarization may be 
induced under action of the field from other sources, or it may be virtually permanent 
and independent of external fields. The permanent polarizations will be designated 
by Po and Mp. The relationships between the field vectors and the polarization 
vectors are 

D=e6E+P+4+ Py (5b-21) 
B = »,(H + M + My) (5b-22) 


where e, and y, are the constitutive parameters of free space. 
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Mazwell’s Equations 


The basic equations relating the field vectors to physically realizable sources are as 
follows: | 

Integral Forms. Let T be a closed curve spanned by an arbitrary surface S, both 
stationary in the observer’s frame of reference; let n be a unit vector normal to S 


p, Bal = — 5 [[,B-24s a (5b-23) 


f, Ha = ff, [5+] -24s | — b-24) 


| dp D- nas = Q= il oe | | | Ob) 


dp Beads’ = (5b-26) 

Differential Forms : 7 ae 
vxE=-% 7 (5b-27) 

vVvxH=J +2 (5b-28) 

TD Sin | (5b-29) 

v-B=0 | (5b-30) 


Equations (5b-26) and (5b-30) express the nonexistence of free magnetic charges. 
Inclusion of Magnetic Sources. The field equations corresponding to both electric 
_and magnetic sources would have the more general forms 


fE-d = - ff |I+F -ndS (B81) 
fu-a=ff,[3+o|-4 2 ~ (Bb-32) 
gpp-nas == fff, oa (5b-33) 
fh Bends = Qn = fff, ona (5b-34) 


These are useful in the treatment of problems in which magnetic sources enter as 
formalisms into the analysis. The corresponding differential forms are 


aB 


VY XE= —Jn ary: _  (b-35) 
vxH=j+2 — (Sb-86) 
v-D=p oo | (5b-37) 
V°B= opm ae (5b-38) 


Representation of Media as Equivalent Distributions. The equations can be reduced 
to equivalent systems involving appropriate current and charge distributions in a 
medium having constitutive parameters €,, wy. Thus, : 


aH aM — 
VXE= —wH > - (Jn + py a) (5b-39) 
Pp | | 
vxH=J+ — 4 ies a (5b-40) 
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Time-varying polarizations are thus equivalent to current distributions, 
aM | 
Me Ot <7, J m : 
oP 
Further, ; 
viE=f—4"* (b-41) 


V-H= -V-M : (5b-42) 
so that the equivalent charge distributions are 


Pp = —V°P 

Pm = erie aie M 
Time-periodic Fields. _ All quantities have time dependence e/*t, The time factor 
can be suppressed and the equations become relations between complex amplitudes. 
For the differential forms: 


VXE=-—-J, —joB (5b-43) 


VXH=J+joD (5b-44) 
v°-D=pop (5b-45) 


| VB py . be - (5b-46) 
Force Law S33 | Pg. Ae Pe | 
The force law, which from an experimental point of view is basically the defining 
expression for E and B, is | | | 
F = fff [oE + (J x B)] dV oe (5b-47) 


where F is the resultant force acting on the charge and current distribution within a 
region V. The force density is | : : 


—- f=pE+(J XB) © (5b-48) 
or | | f= pE+pv XB (5b-49) 
Boundary Conditions — -_ a | | 

Boundaries between Media. Let S be a surface separating two media having con- 
stitutive parameters €1, 41, 01, and e9, 42, 02, respectively; let n be the unit vector nor- 
mal to S directed from medium 1 into medium 2. The conditions at the boundary 
are: : : ss 
1. Tangential components of the electric vector E are continuous, 


n X (E: — E,) =0 (5b-50) 


_ 2. Discontinuity in the normal component of the vector D equals the surface charge 
density of the boundary, | | : ‘ . 
oe eg n-(D,. —-D;) = Ds (5b-51) 


3. Tangential components of the vector H are continuous, 
| n X (H, — H;) =0— (5b-52) 


provided that neither o; nor c» is infinite. 
4. Normal component of the vector B is continuous, 


n:(B,2—-B,) =0 oo (5b-53) 


When the conductivity of one of the media is infinite, the fields inside that medium 
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vanish and there is correspondingly a discontinuity in the tangential component of the 
magnetic field associated with a surface sheet; ifo, = ~, 


nXH=/J’. 


where H is the total magnetic field in region 2. 

The boundary conditions (5b-50) and (5b-53) are applicable to total fields. In 
diffraction theory it is convenient to work with partial fields for which there may be 
discontinuities across surfaces in the region under consideration. These can be asso- 
ciated with equivalent magnetic sources and the appropriate relations are 


n X (E: — E;) = J, 
n° (Be ia B1) = Psm 


Boundary Conditions at Infinity. The field associated with a finite distribution of 
sources must satisfy conditions at infinity which pertain to the energy radiated by the 
sources. For a time-periodic field in a homogeneous medium the conditions at 


infinity take the form 
lim R E = (<) (an X E) | = 0 
R— © od 


lim RE is finite 


R— © 


where R is the radial distance from an arbitrary origin in the neighborhood of the 
sources and apg is a unit vector directed from the origin in the radial direction. 


The Wave Equations for the Field Vectors 


The field vectors satisfy second-order differential equations which characterize 
wave phenomena. The equations for homogeneous isotropic media are as follows: 


Ee ay 


VXVXE+ wae = —p~=—-VXJn 

ot 
eH aj (5b-54) 
VXVXH+Mae = —esr FV XJ 


When the vectors are expressed componentwise in a rectangular-coordinate system, 
the equations can be put in the form 


eE 1 aj 
v2 3 pe SS + iw: + Vv < 
eH 1 aT 
2 Baar ened Fem get ae se = 
VH — pe Gq = Vem tea Y x J (5b-56) 


where V? is the conventional Laplacian operator. 


Poynting Vector and Poynting’s Theorem 


The Poynting vector 
m=-EXH (5b-57) 


serves to describe the flow of energy associated with an electromagnetic field. The 
energy flowing out per second from a volume V bounded by a surface S is 


P = fm-ndsS (5b-58) 


where n is the unit vector normal to dS directed outward from the region V. 
When dealing with time-periodic fields it is useful to introduce the complex Poynting 
vector 
it = E x H* ) (5b-59) 
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where the complex representation of the time-periodic quantities is implied and the 
asterisk denotes the complex conjugate. The real part of the complex Poynting 
vector then represents the average value of the power flow over a cycle of the time 
variation; precisely 


(m) = +Retl =1Re E x Ht (5b-60) 


The Poynting theorem is the equation of continuity for the energy associated with 
the field. 


Differential Form 


VM +E-J = — 5 (w+ vm) (5b-61) 
where We = 4E-D | (5b-62) 
Wm = 4B-H (5b-63) 


are the electric and magnetic energy per unit volume, respectively. The theorem is 
written here for the total field and the magnetic-source formalisms accordingly are not 
included. 

<ntegral Form. Given a volume V bounded by a surface S, _ 


[u-nast f@-na=—2 f (wt wn) dr (5b-64) 


The time-average energy relationships in case of a time-periodic field in an isotropic 
medium are given by the complex Poynting theorem: 


<2 E-E* E-E* H:- H* H-H* E-E* 
V:IE = —( + we) 9 as > TT Ohi - 20 (4 ; — & ; ) 
(5b-65) 


The current density J has been expressed in terms of the electric field 
J =o (E + Ep) 


where Ep represents impressed electric-field intensity. The constitutive parameters 
« and y enter into Eq. (5b-65) as complex quantities. The subscripts designate real 
and imaginary parts in the obvious manner. One-half the real part of Eq. (5b-65) 
expresses the time-average energy flow and dissipation; one-half the imaginary part 
represents the mean value of the energy stored in the field. 
The Vector and Scalar Potentials | 

An electromagnetic field can, in general, be divided into two parts, one associated 
with electric-type sources J and p, the other associated with magnetic-type sources 
Jm and pm. Each part can be developed by means of vector and scalar potentials as 
follows: 


A. 
E, = —V¢. — = (5b-66) 
B.=V XA. (5b-67) 
Dn = —V X An (5b-68) 
An = —Vom — oe (5b-69) 
The general representation of the field in terms of potentials is accordingly 
E = —V¢. — ome = Vv X An i" (5b-70) 
H = av > 4 A. ae Vom = dAn, (5b-71) 


ot 


o 
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For homogeneous isotropic media the differential equations relating the potentials 
to the source functions are? . ee eee 


lian —pJ (5 b-72) 


V7A. — me ey 

Ode : 
Vibe — Hema : | (5b-73) 
Vln — we 2a = — Jn (5b-74) 
027Om Pm: nate “el hy 22 me 
| V72bm = BE ot? = 7 eh _ . (5b-75) 

Subject to the auxiliary conditions 

VA. + ne = 0 (5b-76) 
V-Am + pe oss Gi sal oe x _ (Bb+77) 


The solutions to the differential equation appropriate to all space when the source 
distributions are themselves bounded in extent are 


ae Das _ (5b-78) 
=a ; 2 dy . (5b-79) 
Se A as _— (@b-80), 
om = iz os dv (5b-81) 


where r is the distance from the element of volume dv to the field point P and the 
bracketed source quantities denote retarded values; i.e., for a given instant ¢ at the 
field point P the corresponding values of the source functions at time t’ = t — r/c, 
c = (ye)~#, are to be used. For time-periodic fields the complex amplitudes are 


e7ikr 


3% 1 | p = d : 5b 83 
¢ Are V r oS ( iz ) 
Am Ts J ins Bais d 7 | 5b 84 | 
Awe JV if ve Ee . (5b- ) 

Pm = ss Pm : ai d | | | | 5b 85 
. Arp i a v ( = 7 ) 


where k = 271/\ = w(pe)?. 
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1In Eas. (5b-72) and (5b-74), V? is the conventional Laplacian operator, provided that 
- the vectors are expressed componentwise with respect to a rectangular-coordinate reference 


frame. 
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 6b-9. Basic Wave Functions for Time-periodic Fields. This section is a collection 
of basic sets of solutions to Maxwell’s equations in a homogeneous isotropic region, 
free from generators, which are appropriate to the rectangular, cylindrical (circular), 
and spherical coordinate systems. They are particularly useful for boundary-value 
problems in regions bounded by surfaces which correspond to coordinate surfaces of 


the various systems. 
Plane Wave Functions | . oe 

A plane wave is specified by the complex amplitude of either E or H and the propa- 
gation vector k. The propagation vector may be real or complex, a 


and in the case of a complex k the real and imaginary parts may be collinear or in 
different directions. In all cases the propagation vector must satisfy the relation 


k-k =k? = wep | (5b-87) 
The constitutive parameter e; here signifies the effective complex capacitivity. | 
, Cc 
ey =~ & —7 (« + °) (5b-88) 
including the effects of both dielectric and conductive dissipation factors.! 


Let Eo and H, be the complex amplitudes of the respective field vectors; the basic 
wave function is a 


EB = Eyemiker (5b-89) 

H = Hee-ikr | (5b-90) 

with © lym = (keXE) (5b-91) 
E, = —+ & x H,) 2 (5b-92) | 

WE aes i 


and r the position vector, expressed in rectangular coordinates by 
ir = za, + ya, + za, 


TEM Waves.? The vectors k, and k; are collinear ; Ey and Hp are mutually orthogo- 
nai and lie in a plane normal to the direction of k. If Eo is linearly polarized, Ho is 
likewise linearly polarized. os 3 es ee 
TE Waves.? The vectors k, and k; are not collinear ; Ep is perpendicular to the plane 
defined by k, and k; and Hy lies in the plane defined by k,and k;. For a given linearly 
polarized Eo the magnetic vector Hp is elliptically polarized. | eo 

TM Waves.? The vectors k, and k; are not collinear; Ho is perpendicular to the 
plane defined by k, and k; and Ep lies in the plane defined by k, and k;. For a given 
linearly polarized Ho the electric vector Eo is elliptically polarized. a es 


Cylindrical Wave Functions 


The circular cylindrical wave functions are expressed in terms of the cylindrical 
coordinates r, 6, 2; r and @ being polar coordinates in the xy plane. There are three 


distinct types of basic function characterized by the relationship between the field 
vectors and the z axis. . 


1 When yz and er are complex, the propagation constant k and the propagation vector k 
are multivalued. The choice of the branch of the function is determined by such physical 
considerations as that the sense of attenuation must correspond with the sense of propaga- 
tion of the wave. 

‘2 See Sec. 5b-10. 
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TEM Waves. The vectors E and H are wholly transverse to the 2 axis and are 
related by . 


H 


=. (a, X E) (5b-93) 


Pe 5C HD) (5b-94) 
We ' 


The complex propagation constant & has the value given by Eq. (5b-87). Two 
general groups of solutions can be distinguished: 


(1) E, = Or Eo = r 06 (5b-95) 
Be aU» _ 100 n | 
(2) H, = ~>- He, (5b-96) 


where U, is a separable solution of Laplace’s equation in two dimensions; explicitly 


Uo = (A 08 + Bo) (Co Inr + Do) (5b-97) 
Un = (Car™ + Dar-”)e7in? (5b-98) 
TE Waves | | ee 
Nw OWn 
E, = — —~¥n H, = —gh ar 
Eo jou Ho=—™y, a8 oe ua 
| E, =0 H, = (k? — h?)¥n 
TM Waves 
Real |: ee Le 
or wp T 
nh jk? OWn (5b-100) 
Gm We 9 oe 
E, = (k? — h?)pn H,=0 
The function yp 18 
Yn = Zn(Areihze—ind (5b-101) 
A = (k? — h?)3 _ — (5b-102) 


where Z,,(Ar) is a suitable linear combination of two linearly independent solutions to 
the Bessel differential equation of order n. The function may be multivalued corre- 
sponding to the multivalued definition of A; the choice of the branch of the function is 
governed by the physical conditions of the problem. The parameters h and n may 
take on real and complex values according to the requirements of a particular problem. 


Spherical Wave Functions 

The spherical wave functions are expressed in terms of the spherical coordinates 
r, 0, 6; where @ is the colatitude angle with respect to the pole axis and ¢ is the azi- 
muthal angle. The functions again fall into three classes characterized by the rela- 
tionship between the field vectors and the radial direction. 


TEM Waves 
E, =H, =0 | | 
E exikr H afé to . ery 
1p ¢=t (‘) ’) (5b-103) | 
TE Waves 
“2 
E,=0 Hr = 23 (Yam) + b*(om) 
op,  _ Jon 8 eee, | 
Es = r sin 00¢ (TY nm) a r or 00 (THnm) ‘(5b-104) 


_ Jou Oo ieee eons 
Ey = r 00 (ram) Hs r sin 0 Or dd (Tham) 
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TM Waves | 
| B, = 25 (Yum) + 12(Vam) He = 0 
ee . wr 30 (ream) neg caaGs 0 d¢ (Ham) (5b-105) 
~ ain a er gp eam) He =i 3 (Yum) 
where Yam = Znlkr)£n™(cos O)e—im? (5b-106) 


The function Z, (kr) is a spherical function defined in terms of a general cylinder func- 
tion Zniys(kr) by 


Zn(kr) = (Gs) Zns4(kr) (5b-107) 


the cylinder function being a suitable linear combination of two linearly independent 
solutions to the Bessel differential equation of order n + 3. The function £,™(cos 6) 
is a general solution of the associated Legendre differential equation; it is a linear 
combination of the functions P,™(cos 0), Q,(cos 6). Note that 


- (Tham) + k?(rham) = n(n = n(n + 1) Zn(kr)&n™(cos 0)e-ime (5b-108) 
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5b-10. Waves Guided by Conductors. If guides of electromagnetic waves are 
restricted to those of arbitrary but uniform cross section, i-e., cylindrical in shape, and 
if a harmonic time dependence of the form e##* is assumed, then the axial dependence 
of all the field components is of the form e*77. The propagation constant may be 
written — 
=a + jp 
Basic Wave Types 


Waves containing neither an electric nor a magnetic field component in the direction 
of propagation are called transverse electromagnetic waves (TEM). ‘These transmission- 
line waves along a multiconductor guide are also known as principal waves. 

Waves containing an electric-field but not a magnetic-field component in the direc- 
tion of propagation are called transverse magnetic (TM) waves, EH waves, or waves of 
electric type. 

Waves containing a magnetic-field but not an electric-field component in the direc- 
tion of propagation are called transverse electric (TE) waves, H waves, or waves of 
magnetic type. 


Conventional Transmission Lines 


For a two-conductor uniform line, the differential equations for the voltage V and 
current / are 


aV ol 

ae a es 
al aV V 
0z c ot : 


where L, C, R, and G are the inductance, capacitance, resistance, and conductance, 
respectively, all per unit length z of the line. 
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If steady-state sinusoidal conditions of the form e7“¢ are considered, then the equa- 
tions become 


dv F 
dz —(R + jol)I 
dl . 
ae —G + jwoC)V 


and d?V/dz? = y?V where w = 2rv, » is the frequency, and 7 is the propagation 
constant 


y= VR + jol)G@ +joC) =a +j6 (5b-109) 


The real and imaginary parts of this constant are the attenuation constant and the 
wave number, respectively. 
The solution for the voltage along the line is of the form 


V = Ae-v? + Betz  (5b-110) 
The current then is 


Pe 2 [Ae-v# — Ber’] (Bb-111) 
0 


where Zo = (Kh + joL)/y = V(R + jo) /(G@ + jwC) and is called the characteristic 
or surge impedance. Tables 5b-1 and 5b-2 summarize constants for some common 
lines and some important formulas for transmission lines. 

Velocities of Wave Propagation. The phase velocity, v» = w/8, for the loss-free trans- 
mission line is vp = 1/+/LC. 

The group velocity is that velocity of the envelope of a high-frequency wave whose 
amplitude varies at a low-frequency rate 


dw Up 


dB 1 — (w/vp) (dv,/dw) 


Measurement of Load Impedance. A method of determining the impedance which 
terminates a transmission line! consists in the measurement of the following: 

1. Position of voltage (or electric-field intensity) minimum as measured from the 
load in electrical degrees, Bdmin where B = 27/). 

2. Standing-wave ratio S = Vmax/Vmin. Then, the load impedance is 


1 — q S tan Bdmin 
S— 7 tan Bdmin 


Vg = (5b-112) 


Zi = Zo (5b-113) 

Impedance Matching. In order to reduce a given standing-wave ratio to unity, 
either a closed stub or an open stub, both of less than a quarter of a wavelength, may 
be used (Fig. 5b-1). Figure 5b-2 is a set of curves? which simplifies matching. 


OPEN- AND CLOSED-STUB MATCHING: 


l, = length of closed stub 

d. = location of closed stub measured from Vmin toward load 

l, = length of open stub 3 

d,. = location of open stub measured from V »in toward transmitter 


1 King, Mimno, and Wing, ‘‘ Transmission Lines, Antennas, and Wave Guides,” p. 41, 
McGraw-Hill Book Company, Inc., New York, 1945; D. King, “‘ Measurements at Centi- 
meter Wavelength,’’ Chap. 6, D. Van Nostrand Company, Inc., New York, 1952; Mont- 
gomery, ‘Technique of Microwave Measurements, vol. 11, MIT Radiation Laboratory 
Series, McGraw-Hill Book Company, Inc., New York, 1947; ‘‘Handbook of Microwave 
Measurements,”’ vols. 1, 2, Polytechnic Institute of Brooklyn, 1954. 

2 “Reference Data for Radio Engineers,’’ 3d ed., p. 331, Federal Telephone and Radio 
Corp., New York. 


5-52 ELECTRICITY. AND MAGNETISM 


Standard Radio-frequency Cables. Table 5b-3 contains data! on standard flexible 
solid-dielectric radio-frequency cables. Figure 5b-3 illustrates the attenuation char- 
acteristics of cables listed according to their standard number. 


' a kde 
7 BEN ->4 doa | 
| | 


7 MIN 


TRANSMITTER LOAD 
VW Le 
Fig. 5b-1. Impedance matching with a stub. 
20 d 
a ae ee _ 
OINC LEE 2 
BI 60 2 
a Fi 
a 50 > 
70 40/-™= = 
S30 3 
< Q 
& 20 Z 
10 te 
0 ’ 


STANDING WAVE RATIO S=* Vusax/Veain 
Fig. 5b-2. Impedance-matching curves. 


Waves in Bounded Regions. Maxwell’s equations for uniform guiding systems in 
terms of a propagation factor e/*'"1 may be stated in terms of the field components 
in the direction of propagation 2 for: 


RECTANGULAR COORDINATES: 


a oe (7 E, oH, 
ne a RE jo oy ary 
1 . 0H oH, 
Ay = yh be fe? 2 Ox cae op, — (5b-114) 
= th he jo ay 
1 Bs * oH, 
mpi ts 2 ay 1 9° Og 


1 Listed by the Armed Services Index of R.F. Transmission Tinés and ates Mesa 
Services Electro Standards Agency ASEA 49-2B, Fort Monmouth, N.J. 
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FORMULAS 


CYLINDRICAL COORDINATES: 


(5b-115) 


oleae 
~ Fs '3/e BS 
ys Se 3 | s 3 
oh. eS x 
ro 
F . ae 
| a as x pt 
Ry | wv BLS ol]® 
oI|P (3 
os ot od i = 
albeit i 
mit Fe [heai+ 
il Il ll lI 
& << & ©. 
hr Sr FS 


where k? = we. 


If the dielectric has finite conductivity « substitute e(1 + o/jwe) for ¢ in the above 


expressions. ! 


? 


substitute —+ for 7 above. 


HT | fut {ANN NNN NG NS 
FAW WH 9 
ATS 
PEER 9 
Se EEE NAN ANE AL La lo 
Hitt TT TTT AAW 


For a wave traveling in the negative z direction 


aie: 
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QAR Wee. ee =a eee 
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NUP IA 
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_ | FREQUENCY (MG/SEC) — 
Fia. 5b-3. Attenuation of standard r-f cables vs. frequency. 


TRANSVERSE ELECTROMAGNETIC WAVES (TEM): 


components #, and H, are zero. 


The longitudinal 


This requires that y? + k? = 0, whence . 


Wave Types. 


(5b-116) 


The wave equation, for the electric field 


(5b-117) 


Vay? = —(y? + R)E 


,” 2d ed., pp. 305-807, 


“Fields and Waves in Modern Radio 
Inc., New York, 1953... oe | 


1 Ramo and Whinnery, 


John Wiley & Sons, 
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reduces to Vz,2E = 0 and for the magnetic field, V.,7H = 0, where Vz,? is the two- 
dimensional Laplacian (V;2) in the plane transverse to z, representing contributions 
to V? from derivatives in this plane. 

TRANSVERSE MAGNETIC WAVES (7'M): The longitudinal component H, of the mag- 
netic field is zero. The wave equation is V?H, = —k,*E£., where 


— (y? + k2) = 7? + we (5b-118) 


The propagation constant is y = ~k,2 — k? where k, is determined from the solution 
of the wave equation subject to the boundary condition that E, = 0 on the conducting 
boundary. The allowable values of k, are called characteristic values, or eigen values, 
and any one of the values determines a particular TM mode for the given guide. 


ke = = On. Vue 


where , and f, are the cutoff wavelength and frequency, respectively. 
For propagation, i.e., above cutoff, f > f. and 


y =j8 =jkN1 ) | (5b-119) 


For nonpropagating fields, f < Se and 


a vi - (2) (5b 120) 


The group velocity is 


2 
vy = : =v E — (*) i : (5b-121) 
and the phase velocity is . 
7 ‘ f\27-4 
Op Se [1 “AF | (5b-122) 
Field components are related as follows 
TO ie pa Ug [1 — (8) [= Zou 
Hy Hz Jue | (5b-123) 
BE yates [1 -(4) [= 2 
Hy H, Nf = 


Attenuation due to imperfectly conducting boundaries: 


power loss Wi 
=o power aged ~ Wr 


| _ fs 
ee bg |H;? a aie (F) f ( nD oS 


and Wr= ies |\H.|?dS = Oat CF a i E, ds 
eo cross fe cross 


‘(5b-124) 


2 
section - section 
\H.\2 = H,? + H,? is the square of the total transverse magnetic field, 0/dn is the 
normal derivative at the bounding conductor wall, R, = ~/ afu/o- is the surface resist- 
ance, and a, is the conductivity of the boundary conductor. : 


Attenuation due to imperfect dielectric: 


oan 
2V1 — (f/f)? 
where og is the conductivity of the dielectric. 
TRANSVERSE ELECTRIC WAVES (7'E): The longitudinal component E, of the electric 
; field is zero. 
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The wave equation is V,2H, = k.2H,, where k, and y are identical with the values 
defined for the 7M waves above except that the wave equation is now subject to the 
boundary condition that the normal derivative of H, is zero at the conducting bound- 
ary (e.g., 0H,/dx = 0 along y). 

The allowable values of k. determine the particular TE modes for the given guide. 

For propagation, f > f. and y is given by Eq. (5b-119). 

For nonpropagation, f < f, and y is given by Eq. (5b-120). 

VU, and vy are given by Eq. (5b-121) and Eq. (Sb- 122), respectively. Field com- 
ponents are related as follows: 


Be _ _ By _ Jou _ 1 fe a Z 
Hy Hey © J “e= b-126 
E, Ee _ E Wi (Sb-126) 
He a H, = 7 f om TE 
Attenuation due to imperfectly conducting boundaries 
a= ho ap e+ Ge Earl (5b-127) 
T a pa } H,;? dS ; 
TE cross 
section 


where 0H,/dl is the tangential component 
of the transverse gradient along the 
boundary of the transverse plane. 


Attenuation due to «imperfect dielectrics: 
aq as given by Eq. (5b-125) 


Common W aveguides. Rectangular Wave- | 
guides: See Fig. 5b-4. 


a. No TEM wave is possible within the ie . as 
guide. Fie. 5b-4. Coordinate system for rec- 
b. T Minn Waves: tangular guide. 
E, = Eo sin (™ : sin ( y) 
H, = j Gal St Eys in (= x) cos (3 v) (5b-128a) 
= 4 GPE te cos (7% 2) sin (FF v) 
H, = -j >> kenf Eo cos 7 t) SEAS Y 
E, = ZruH, 
E, = —ZruH;z 
c. TE mn Waves: 
mar 
H, = Hy cos (= z) cos (= v) 
E, = newt”) H) cos (= x) sin (3 v) 
Ey, = jee) Ho sin (= x) cos (4 v) (5b-128b) 
_ —Fy | 
Be ZTE 
H, = Es 


ZTE 
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_ The propagation factor e“#-7) is understood for a wave traveling in a positive z 
direction where y, Zrmu, and Zrex are given by Eqs. (5b-119) to (5b-123). 
For a negatively traveling wave, e+?» ig used and the signs of Zrm and Zreg are 
reversed. 7 
The characteristics determined from the dimensions of the waveguide s are 


(ke)mn = \(m=y (Ty + (3) | - (5b-129) 


Cutoff wavelength (A.)mn = i. ” Varah =O | 


Cutoff frequency | Gas = — 7 = aE 1 v(")’ ot (F) 
. ae 7 | 


Guide wavelength (Ag)mna = 


The allowable values of m and n are | | 
TEmn: m, n are integers; either m or n may be zero, but not both. 
TM mnt m, n are integers; neither m nor n can be zero. 
Attenuation above cutoff due to imperfect conductivity: 


“cam +2 G) | 
tEm = pam Jl t+ (FS 5b-130 
a (ao)ram = Bott — (FAL) ta 2,9 
ao b fey 4 E - (8) | (b/a){(b/a)m? + n°] 
(<tc) Pine - ball - = ra Ga iG 2 ) ( Cae) + n? 
7 Z (5b-131) 
| = OR, m2(b/a)3 + a) 
(2 rite ~ ball — C/E eo +n ee 
The dominant TE yo wave in a rectangular guide: | 
For this principal mode, m = 1 and n = 0 
The field’ components are 
By = —j™= Ho sin — z) By = 0 (5b-133) 
hy jn2a . (Z ‘) 
x = — = H 
i Zrew Ronen 7 aun 
Z a 
TE10 a/1 = xj)? 
eS hase velocit 
7 Ve TED = (x/2a)? * f 
1 rA\? : 
Vy = aia V 1 7 (*) | group velocity 
A = 2a ‘cutoff wavelength 
_=———= __ cutoff frequenc 
J | 2aV pe 7 2” 
The waveguide wavelength is 
Rahs ye eee - (Bb-134) ” 


‘0 = VT — @/20)® VW fue — (1/20) 


5-61 


FORMULAS 


ry ad 


ete a 
if ar te ‘Enna St ye 


+ 
6 
+ as i} if 
+ +. > -3/° otwwt Jit 
Re Wii toes Ae 


‘reded 904} 0FUI Zu10Z s104990A YUoseIdel sesso1d 943 pus ‘1oded 04} jo no Buror09 810900A queseidal 830p PIjOS OUT, » 


__ £ 


y, 010 aie om 


HL 


(mnbhamnthemanthanntntiantiemtbautionuthe 


LT a A A a AP Se 


1k 


EL A EE ET A A A 


Sh. GA. A.” 


tae er ben 


Gomis} 


OP 2 AE AOE A OE A A A a 


oe 


a ae a ee, 


my 


= 
« 


N 
; 


rf | 
Vere fer a ernst ae 
] a oeote, +94 +t+ Q 
+H e+ . + t re 
hi bee ttt oe eae 4% 
‘t “tot we eed Ht “° ot tht Ne, eae o! mils 
% 


-  SAaTNY) YVTADNVLOTY wod SddAT, AAV AO AEVRNOS ‘P-qG WIaVY, 


5-62 _ ELECTRICITY AND MAGNETISM 
Attenuation due to imperfect dielectric, of oon eetay a: 


9 wae 2 We Viet | 


Qd 


(5b-135) 


Attenuation due to imperfect conductor, of conductivity Oc: 


bVu/e V1 — (1/20 Vue f)? a \2q Vue f 
Common rectangular waveguides used in the dominant T'Fio wave are listed in Table 
5b-4. Table 5b-5 lists letter notation for certain bands of microwave frequencies. 


ae 


.TaBLE 5b-5. LetreER Notation FOR CERTAIN BANDS OF 
MIicROWAVE FREQUENCIES* 


Band Frequency, — Wavelength \, 
mcps cm 

P 225-390 133.3 -76.9 
L 390-1, 550 76.9 -19.37 
S 1, 550-5 , 200 19.37 — 5.77. 
x 5 , 200-10, 900 5.77 - 2.75 

K 10, 900-36 , 000 2.75 — 0.834 
Q 36 ,000—46 ,000 0.834- 0.652 
V 46 ,000-56 , 000 .0.652— 0.536 


* Signal Corps Engineering Laboratories, Fort Monmouth, N.J. 
Circular Cylindrical Waveguides (see Fig. 5b-5.) 


a. No TEM wave is pomible. within the guide. 
b. TM, waves: 


a cos nd 
B,=Evd (ker) | ne 
__. nf & nop 
clea ent fe Bol olkr 1 — cos no 
_f coane . (5b-137a) 
Hg=—j — Eo, (ke e | 


Fie. 5b-5. Coordinate system for cir- - 
cular cylindrical waveguide. E,=H 327m 


Boundary condition requires Jn(k.a) = 0 where J a(x) 1 is a Bessel function.! If pyr is 
the a root of Jn(x) = 0, then 


— Pn 
(Ke) nl = a 


Boundary condition requires the derivative of the Bessel function to be zero, i.e., 
Ji (ka) = 0. If p,, is the Ith root of J,(x) = 0, then 
(ke) nt = es 
a 


1 Jahnke and Emde, ‘“‘ Tables of Functions,’’ Dover Publications, New York, 1944 
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H, = Hol alker) Ree no 


nod 
mae mnf sin n@ 
Ey, =j >> han Hod n(Kker) Ee on Ws 
a , ee no 
Eg = jn =~ Hod. (k. : » 
@¢=Jn a n (ker) cae | (5b-1370) 
 «#. | 
eo ZTE 
Es 
[ee 
ZTE 
2 2 | 
(Ac)rM,; = a (N)rey = a cutoff wavelength 
. nl nl 
(f.)TM,, = ————= (fc) rz, = clei cutoff frequency 
27a VJ pe | 27a V/ ye 
x ae 
Aga = S———_— guide wavelength (5b-138) 
wT = [Ge/fynll? 


The allowable values of n and l are 


TE: n, | are integers; n can be zero but not J. 
TM: n, | are integers; n can be zero but not I. 


TaBLE 5b-6. SuMMary oF Wave Types ror CircuLAR GUIDES 
TM 


+ + f+ e e 
w se gee a eo: ia 3 eo: pe 
rr oP eeme, a! + vend ff +. ? te fe 
of'e eee + +e 4 > ene ate ate : ee +) patel +4 +*eo ek 
ie thir ots : ese No +, +5+ a ole 
Ne Eooot SR S33 iis keeps 
Poses cocescctecencsrssenccce sees] SLE ELE ITA ETE LE EE ERIE 
Attenuation due to imperfect conducting walls: 
| Rs | | 
(ac) TMnl = nepers/m (5b-139) 


an V1 — (f./f)? 
; R,; f 2 n2 

Pe ak cee (|e Serene (5b-140) 

eae eOeY rene ac (é) (Pa)? — "| 
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The expressions for 7, Zru, Zrgz are the same as described under the general con- 
siderations of waves in bounded regions and are used with the cutoff frequencies 
determined above. | | 


Waveguide Discontinutties 


Discontinuities in waveguides and their scattering properties may be represented by 
equivalent networks and conventional transmission lines.' 

For example, a symmetrical obstacle strip of small thickness with its edges per- 
pendicular to the electric field (10 mode) in rectangular guide is represented by a 
capacitance across the line, whereas a strip parallel to the electric field is represented 
by an inductance across the line. | 


Anisotropic Wave-propagation Systems 


The use of ferrites (Sec. 5h-10) at microwave frequencies is possible because of their 
high resistivity (typical values from 10+4 to 10+ ohm-m as compared with 10-* ohm-m 
for iron). These ferrites have typical relative dielectric constants ranging in value 
from 9 to 20. i 

The tensor permeability property of the ferrite is what makes the ferrite so useful 
at microwave frequencies. This property is used in many ways, among which the 
following two are more common. : 

Faraday Rotation at Microwave Frequencies. Polder? has shown that a ferrite region 
which is uniformly magnetized and saturated and subjected to uniform r-f fields will 
have the following uniform flux densities: i | | 


be = wh, — jkhy by = kh, — why bs = oh 
Mon _ _ 0,035 Mc 
a = py cae ie 2 Ya “amp/m_ (5b-141) 
eee wo = yHi 
wor — w& j 


where p, = permeability of free space and M = magnetization. Here, the d-c field 
H, is applied in the z direction, which is the direction of the propagating electro- 
magnetic wave of angular frequency w. The resulting d-c magnetic field H; internal 
to the medium is calculated for the specific shape of the ferrite region by standard 
magnetostatic techniques. | 

This arrangement of fields results in a rotation of the field components in the follow- 
ing way. If an exciting linearly polarized r-f field is separated into a sum of a clock- 
wise circularly polarized field vector and a counterclockwise circularly polarized field 
vector, the tensor permeability sets up the following fields: 


b, = (vu — kjhz clockwise components 

by = —jlu — k)hz hy = —jhe — -  (5b-142) 
bg = (ut kyjhz counterclockwise component 

Bas 


y = tilu + k)he hy = +jhe 2 (5b-143) 


The result is a net rotation of the linearly polarized wave through an angle’ 
Q = “ VJ é (dow V beow =, Pocw WV Mecow) (5b-144) 


1 Marcuvitz, ‘‘ Waveguide Handbook,”’ pp. 101-413, MIT Radiation Laboratory Series, 
McGraw-Hill Book Company, Inc., New York. 

2D. Polder, On the Theory of Electromagnetic Resonance, Phil. Mag. 40, 99-115 (1949). 

3 Fox, Miller, and Weiss, Behavior and Applications of Ferrites in the Microwave Region, 
Bell System Tech. J. XXXIV-5 (January, 1955). 
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where w = 2rp 
l = length of ferrite sample | 
«. = effective relative dielectric constant of composite thin ferrite rod and 
cross-sectional region of the guiding system 
cutoff factor of the clockwise rotating component of the total linearly 
polarized r-f field 
deew = cutoff factor of the counterclockwise rotating component of the total 
linearly polarized r-f field | ; 

Heow ANd Hegey are the effective relative permeabilities of the composite system for the 
clockwise and counterclockwise components, respectively. 

A ferrite loaded round guide propagating the TE. mode and having an axial d-c 
magnetic field is generally used to obtain the Faraday rotation. 

Transversely Applied D-C Magnetic Field. If a transverse d-c magnetic field is 
applied to a ferrite region in a rectangular waveguide, the properties of the dominant 
mode are affected in the following way: 

1. Phase constants for the two directions of transmission are different. 

2. The attenuation constants for the two directions of transmission may be different. 

3. The electric- and magnetic-field eopneurations in the waveguide are different 
for the two directions of propagation. 

Any. one or combinations of these effects can pe used to obtain a nonreciprocal 
behavior. 

6b-11. Resonant Cavities. Resonant cavities are used at high frequencies in place 
of lumped-circuit elements, primarily because they eliminate radiation and in general 
possess very high Q’s. 

The Q of a resonator is defined as follows: 


Pow 


Q = 2rvresonance (energy stored in circuit) = wo nie | 
average power loss Wr 


The Q may be estimated from a measurement of the 1/+/2 amplitude points on each 
side of resonance; then 1/Q = Av/vo. 


- Common Resonators 


Rectangular Resonators. ‘The modes are designated by TEmnp or TM ue wiieee the 
letters m, n, p represent number of variations In Z, y, 2 directions, respectively. 


a 


SIMPLE 7'E191 MODE (see Fig. 5b-6) 


Ey = Ey sin ™ sin © 
H, = sop ON eee ee 
n2d a 
. Eo Xd wh . WZ (Sb-146) 
A, = jag 08 | sin | 
= NE 
Nig 
0-2 [ag te) 
ad(a? + d?) + 2b(a’ + d®) Fie. 5b-6. Electric and magnetic fields in 
(Sb-147) rectangular resonator with TE1o1 mode. 
For silver: = =. ss OR, = 2.52 & 1077 Vp 
For copper: =. | R, = 2.61 X 1077 Vy 
For brass: _ OR, = 3.26 X 1077 Vp 


For air: 7 | 9 = 377 ohms 
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For dielectric constant e;: 7 = 


TEimnp MODE: 


H. = C cos ae cos EY, sin —— une 
b d 
H 


| = = E,(P) (2) oon 8 sin Boos PE 


_ o Pn) (“) Marx nry prez 
Ay = — je sin q 08 COS. d (5b-148) 


A, = teu 2) 0 Os am sin _ sin oa 


ion? {mar . Mrz nr av 
E _ i 2) sin co NTY sin PTZ 
c 


b d 


~ 


TM np MODE: 


Maren . nr 2 
D sin — sin —~* oe cos ma 


De LE Pea adil 
v2) (= i, cos =" sin } sin 7 
aa (2) si in mnt cos ae sin as (&b-149) 


ined (F) si marx nry pre 


& & 
i 


. 
| 


in —— cos —~ cos —- 
b d 


ee? mr mre . nT w 
Hy, = — i me =a ol 


Nate yey 
aE [ey +) 


~ Circular Cylindrical Resonator 


A simple mode (7Moio) exists and is shown in | 
Fig. 5b-7. : 


A a A 


(UIA 


h 
| CURRENT He = i Ji(kr) (5b-150) 
b= PM 2.405 
a a 
A = 2.61a (resonant wavelength) 
oe n 2.405 
Rs 2[a/h + 1] 


where a = radius and h = length of cavity. 
Other modes are shown in Fig. 5b-8. 


-——ELECTRIC FIELD 
——-MAGNETIC FIELD Spherical Resonators 


Fie. 5b-7, Simple TMo10 Figures 5b-9 and 5b-10 show the field patterns for 


de i lindrical cavit 
mode in a cylindr vey the TMio1 and TE. modes, respectively. 


General Considerations. DEGENERATE MODES: Modes with different field dicthbue 
tions but with the same resonant frequency are called degenerate modes. 
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Fia. 5b-8. Other modes in a cylindrical cavity. 


Electric Field 
---~- Magnetic Field 


Section Through Axis 
Fig. 5b-9. Field patterns for simple 7’Mio:1 mode in spherical resonator. 


AX = 2.29a. 


Section Through Equator 


Q = n/Rs, 


Axial Section 


Fig. 5b-10. Field patterns for 7’E101 mode in spherical resonator. 


= 1.39a. 


Equatorial Section 
‘Resonant wavelength 


5-68 ELECTRICITY AND MAGNETISM 


COUPLING TO CAVITIES: Coupling to cavities may be accomplished by: 

1. Introduction of a conducting probe or antenna in the direction of the electric- 
field lines, driven by an external coaxial transmission line. 

2. Introduction of a conducting loop with plane normal to. the magnetic-field lines, 
also driven by an external transmission line. 

3. Introduction of a hole or iris between the cavity and a poe waveguide, the 
hole being located so that some field component in the cavity mode has a common 
direction to one in the waveguide, e.g., directional couplers, etc. | 

4. Introduction of a pulsating electron beam passing through a small gap in the 
resonator, in the direction of electric-field lines, e.g., klystron tube. 

COUPLING BETWEEN CAVITIES: Coupling of energy from one cavity to another may 
be accomplished by means of an iris in the wall common to the cavities and by other 
means listed abové.! 

6b-12. Radiation, Scattering, and Diffraction. Radiation Field of a Current 
Distribution. Given a distribution of electric and magnetic currents, specified by the 
density functions J(z,y,z) and Jm(z,y,2) occupying a finite region of space. Consider 
a reference frame with its origin in the vicinity of the sources and let R, 6, ¢ be the 
spherical coordinates of a field point P; ar, ae, ag be the unit vectors constituting the 
basis vectors of the spherical seordinate system; andr = raz + yay + za, be the posi- 
tion vector from the origin to a point in the distribution. 

The far-zone region is that. region of field points at which the distance F is very 
much greater than the distance 7 from the origin to any point in the distribution. The 
far-zone or radiation field consists of the dominant terms, of order 1/R, of the com- 
ponents of the field vectors. To order 1/R the field is transverse to the radial direc- 
tion and its components in the spherical-coordinate basis system are 


Bo = —jwp aon mE ao aC ‘" Jm ay |e jkr-ar dy av = (4 i H¢ (5b-151) 
Eo = —jwp eR y[J-a ag — C 7) me “J itt Bs dv = “it a) He (5b-152) 


The quantities 


i 


Fees) = f, os wo +(z ) ie ae cian dy (6b-158) 


ya firm Gare |emn eae 


F (8,9) 


| 


are the complex space factors. of the field components. — 
The Poynting vector—the time average intensity of power flow—is 


1 


= 1 Re (B X HY) = Hy" (0,6) aR (Bb-155) 


am (f 
where , G8) = Fol? + MFol? 7 (5b-156) 


is the space factor of the power flow. The power per ‘unit: solid angle is 
Pos ¢) = “ean = ax (2 y' ¥(6¢) = (Bb-157) 


Gain Punlion and: Gain. “The directivity characteristics of the 1e padiating system are 
expressed by the gain function, the ratio of the power radiated per unit solid angle in a 
direction (0,¢) to average power. radiated per unit solid angle. It is also referred to 


1 J.-C. Slater, ‘‘ Microwave Electronics,’ pp. 135-168, D. Van Nostrand Company, Inc., 
New York, 1950. | 
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as the gain. function with respect to. an isotropic radiator radiating the.same. total 
power. Thus, 
P(@ _ Se ts 4nW (0, 


=f, f, P(6,4) sin 6 dé ae i i W(0,¢) sin 6dé@d¢ 


The absolute gain is the maximum value of the gain function. The directivity is the 
absolute gain expressed in decibels: , 


Directivity = 10 logio [G(6,¢)]max a (5b-159) 


The directivity characteristics may also be specified in a more detailed manner i in 
terms of the power associated with each of the orthogonal components Eo @ and Eg: 


| i 
Go = ee (5b-160) 
i ff (0,0) sin 0 dé dp | 
Ge = __ seal? (5b-161) 
i I (6,9) sin, 6 do de 
It is evident that. - i Sane ee 8S ene 
: G(6,4) = Col0, 6) + 64(0,6) (5b-162) 


‘The Electric Dipole. A short linear structure designed so that the current distribu- 
tion is uniform over its extent is equivalent to an oscillating electric dipole of moment 


_ iil ma ee 
~ jo | : » (Gb-148) 
where I is the current aid Li 18 the letigth of the seniohuee. 

_ If the dipole is taken to be. at. the origin of the coordinate syeteny ea the dipole s axis 
is taken. as the polar axis of a spherical-coordinate system, the components 7 Be 
field are ee aes se 


Ke = i nae + goes ay sin 6 poe i*R Tas (5b-165) 
Ag = a B +#)s sin 8 poe he 5-166) 


where 7p is the amplitude of the time-varying Pe een Oo 
p = poe? (5b-167) 
‘The Poynting vector—intensity of power flow—is 


sin? @ 


it = oe =: | l* a RP ar OETts) 
and the gain function is . aoe 


| The M agnetic Dipole. A small current loop encompassing an area A and carrying a 
current J is the equivalent of an ene magnetic dipole of moment 


=IA Se he (5b-170) 


The magnetic moment is normal to the area A. Taking again the dipole at the origin 


5-70 ELECTRICITY AND MAGNETISM 


and the dipole axis as the polar axis of a spherical-coordinate system we > have for the 
field components 


Ey = - #:(¢) Ce = i) sin 8 me # (5b-171) 

Hr = a(att cos 6 moe FF : (5b-172) 
2 4 

He = a ~(at+4 "S55 ik -= sin 0 moe ## _ (5b-173) 


where mp is the amplitude of the time-varying magnetic moment. 

_ The gain function is the same as that of an electric dipole. 

Scattering and Absorption. The scattering and absorption characteristics of a 
system in otherwise free space are formulated in terms of the interaction of the system 
with a homogeneous plane wave. From a wave-theory standpoint the elements are 
as follows: Under the action of the primary incident wave E., H; the system is excited 
and produces a secondary field#E,, H,. The Poynting vector of the resultant field is 
then 


if = 9 Re (+ E,) X (Ay + HY] 
= + Re (E; X Ht) + 3 Re [(E: X H?) + (E. X H7)] + ¢ Re (©, X H,) : 
(5b-174) 
or | W =; + 1. + I, (5b-175) 


The subscripts make the obvious identification of the parts of (5b-175) with those of 
(5b-174). The term Il; is the representation of the interaction between the primary 
and secondary fields. The term II, is the intensity of power flow that is formally 
associated with the secondary field regarded as an independent entity. 

The integral of the normal component of the resultant Poynting vector over a closed 
surface enclosing the scattering system measures the energy. transferred from the 
incident wave to the system. The net contribution of I, in this computation is zero, 
and thus 


i (m-n)dS = i (I;,°n) dS + (m,°n)dS <0 (5b-176) 
enclosing enclosing enclosing 


surface - surface surface 


with n the unit vector normal to the surface directed outward from the region occupied 
by the system. If the system is such that it absorbs no energy from the incident wave, 
the net power flow out from the region must be zero; whereas if the system absorbs 
energy, the net power flow out from the region must be negative. That is, 


Paos = — fom (IE: ° n) dS — J (II, ° n) dS (5b-177) 
enclosing enclosing 
surface - surface 


The surface integral of the normal component of the Poynting vector II, associated 
with the secondary field alone is necessarily positive since the secondary field must 
take the form of an outgoing wave from the system. . pa quantity is defined to be 
the power scattered by thte aye 


Pie if (Hi, -n) dS = | [n- 2 Re (E, X H*)] dS (5b-178) 


enclosing enclosing 
’ surface surface 
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The complete exchange of energy is expressed accordingly, 


Pate + Prat = — f (m+ [b Re (Bi X HS) +E, X HDI} dS Gb-179) 


enclosing 
surface 


The absorption cross section is defined as the ratio of the power absorbed to the 


incident power intensity: — 
Paps = |Ti| Aabs (Sb-180) 


When applied to antennas the absorption cross section is referred to more commonly 
as the receiving cross section Ar. 
The scattering cross section is defined as the ratio of the power scattered to the 
incident power intensity: _ 
Prat = |Wi|As (5b-181) 


The sum A, + A, is the total cross section of the system. 

The scattering cross section defined in the foregoing is the total scattering cross 
section for the particular direction of incidence of the plane wave. It is also cus- 
tomary to speak of the differential cross section which is the ratio of the power scattered 
per unit solid angle in a given direction to the incident power intensity; thus 


(5b-182) 


All the cross sections which have been defined are functions of the direction of 
incidence of the primary wave. The functional dependance of the receiving cross 
section of an antenna is referred to as the receiving pattern of the antenna. 

The polarization of the incident wave must be specified when the cross sections are 
discussed. In particular, when values are given for the receiving cross section of an 
antenna it is implied that the polarization of the incident wave is that for which the 
response is a maximum. If the antenna radiates linear polarization in a given direc- 
tion when transmitting, the incident plane wave, on reception, is considered to be 
polarized correspondingly; if the antenna on transmission radiates elliptical polariza- 
tion, the cross section is referred to an incident plane with proper sense of elliptical 
polarization (opposite in sense to the transmission characteristic) with corresponding 
ellipticity. Separate cross sections may be defined corresponding to the separate 
components EH» and Ey of the transmitting pattern. The total cross section corre- 
sponding to a given direction of incidence is, however, not in general equal to the sum 
of the component cross sections. 

Reciprocity Theorem and Universal Average Absorption Cross Siva: The reci- 
procity theorem states that the transmitting and receiving patterns of an antenna 
system are the same when the external medium, the antenna structure, and its asso- 
ciated networks are linear and bilateral (the constitutive parameters of all media are 
either scalars or symmetric tensors). 

The receiving cross section of an antenna is dependent on the impedance relation- 
ships between the antenna and its associated networks (transmission line and detector). 
The maximum value is attained when the system is matched, 1.e., the input impedance 
to the antenna is the conjugate of the input impedance of the associated networks as 
viewed from the antenna terminals. | 

The average value of the absorption cross section of a matched system over all 
aspects is a universal constant: 


Aig —— (5b-183) 
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The reciprocity theorem is embodied in the relationship 
| Be oe. : rn? 
A;(6,¢) = G(0,6) 7 (5b-184) 


between the cross section presented to a plane wave incident from a given direction 
(0,¢) and the gain function of the antenna system on transmission in that same 
direction. 

Fourier-transform Relation between Far-zone Field and Current Distribution. The 
vector potential of a current distribution in the far-zone region of the distribution 
[cf. (5b-78)] assumes the form _ 


A =i PR e~7kR ie Jet*t-tr dy | ; | (5b-185) 


The radiation-field components are simply related to the vector potential by 


Es = —joA: a9 = —jwA ¢ - 2 7 | (5b-186) 
ery = —jwA "ag =  —JjwAg a - _ (5b-187) 


The complex space factors Fy 8 and Fe are thus the corresponding components of the 
vector quantity : 


F = L, Jeitrar dy (5b-188) 


Let the propagation vector k be defined by 


k = ka, « ~ °- (§b-189) 
Then we have a vector punevion = : 


‘Fip).= Jy Jefe do . Pa | ‘(5b-190) 


Except for constants the vector function F(k) is (ne mourise transform of the current. 
distribution. It is the equivalent of the transform encountered in X-ray diffraction 
theory. The transform is defined for values of k embracing all possible values of its 
components. - The radiation pattern is associated with only those vectors k for which 
the components Suiaty the relations | . 

an. Ar? 


2 + k22 “ts ja? = he = x : 7 ‘ (8b-191) 


The current distribution ’ in farh ihe iesnerormn of gectar function F, namely, | 
Jt) = ey ia i fc “F(k)e-® dhs dha dks - (5b-192) 

with, of course, . .. ss od ua eg 7 
ker = kx + koy + ke eee _ (Bb- 193) 


This transform relationship is useful in the general theory of sAginting” systems. | 

Development of a Field from Boundary Values—Huygens-Fresnel Principle. Given 
a surface'S enclosing the sources and the values of E and H over the surface S. The 
field at a point P outside the region of the surfaces is given by 


EB, = f (-son(n X Ey + @ XE) XW + 2+ BNW] dS (6b-194) 


H, = + i, joe(n X ED) + (nx XH) X VY + (n+ Hy] dS —(5b-195) 
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where n is the unit vector normal to S directed outward from the region of the sources; 
y = e-ir/r with r the distance from dS to P; ¥ the gradient in terms of the coordinates 
on S. . 3 

Equivalent representations are 


Ep-- 7 flys -eZ|as 196) 

H, = — -- ai — H&| dS | - (5b-197) 

and E, = ik f,i@x H) + v(vy) + ka x Hy] dS (5b-198) 
1 - , 

Hy = I, [(n X E)-V(Vy) +n XEWIdS .-——(Bb-199) 


The representations are transformable one into the other only when closed surfaces 
are considered. 

Representations (5b-194), ener and one -198), (5b-199) are forms i a le 
to equivalent distributions, - 


n XH 


Surface electric current _ J = 

Surface magnetie current J,=-axXE =: (5b-200) 
Surface electric charge | ps = e(n* E) 3 - =. | 
Surface magnetic charge Pe, = w(n* H) 


When the surface S is an equiphase surface of the wave field the representations con- 
stitute the mathematical expression of the Huygens-Fresnel principle for the electro- 
magnetic field. The equivalent source functions (5b-200) are in toto the BUDFOPED IS 
system of Huygens’ sources to be associated with an element of surface dS. | 

The representations (5b-198) and (5b-199) embody the required equation of :con- 
_ tinuity between the current and charge distributions on a surface. The development 
of the field is thus based on just two fundamental source functions J’ and gfe 

Large-aperture Systems—Reflectors, Lenses, H orns. The formation of beams by 
reflectors, lenses, and horns in which the aperture i is the dominant factor is by a process 
of diffraction. When the aperture involved is large compared with the wavelength’ 
the radiation process can be treated reasonably well by the following line of analysis. 
The field over the aperture is related in the most simple way possible to the primary 
sources—in the case of lenses and reflectors, by the use of geometrical optics;'in the 
case of horns, by considering the field distribution which would exist over the aperture 
plane of the horn extended to infinity. All Huygens’ sources are considered to be 
negligible in comparison with those over the aperture plane associated with the simple 
aperture field. The field appropriate to those Huygens’ sources over the aperture is 
then 


E, = a if [n XH): V(vy) + xX Hy] dS ——(5b-201) 
aperture | a tndee 4 OS 

Ae ae J [a XE) V(Wy) + h(n X Ey] ds (5b-202) 
aperture 


with the quantities having the definition given in the previous section. It is to be 
noted that in the present case the integration is Se out over an. aus surface | in 
contrast with that of'the previous section. 

When the aperture field is obtained by the sole phaleeeons tea Betoie! tress 
is an élementary relation between the tangential components of the electric'and mag- 
- netic vectors over the aperture. For the particular case of a plane aperture and condi- 
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tions such that the apersure is virtually an equipnare surface the rélationship has the 
form 
= a(n X E) (5b-203) 


where a is a constant for the particular system. In the case of lenses and reflectors 
= (e/u)+ whereas in the case of a horn it is the transverse wave admittance corre- 
sponding to the infinite horn. 
The far-zone field of the system of Huygens’ sources is then 


E. —jqke~i## 
- oa ae ax x/ n+a as XN (5b-204) 


where N is the radiation vector 
N = f, Bek sin @ cos +y sin 8 sin >) dx dy (5b-205) 
p eis 
with ar a unit vector in the radial direction from an origin in the aperture, R, 0, ¢ 


spherical coordinates of the field point (the polar axis being normal to the aperture 
plane) and E the electric-field vector in the aperture. Componentwise: 


. e “<ZhR he ; 
Ee = a E +a ‘@) cos a| (Nz cos ¢ + N, sin ¢) = 1Q) Hy  (5b-206) 
—jkR 
Ee = ite [cos # 6+ (! ) | (N, sin @ — N, cos ¢) = — -(¢ y Ho (5b-207) 
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5&b- 13. Waves in Soacecdherve Regions. Plasma Oscillations. : Pancwui and 
Tonks! observed the phenomenon of oscillation in a plasma consisting of approximately: 
equal density of electrons and positive ions, and showed the angular frequency to be 


» = (2) —— (Bb-208) 


where p = charge density, coulombs/m# 
| n = charge-to-mass ratio, coulombs/kg 
€y = capacitivity of space, 8.854 & 107-1? farad /m 
For electrons, 7 = ‘1.759 X 101, oscillation frequency is 


= 8. 979N? a 


nem N= ener of Meseenu nt re aS 
Oscillations of ions in the plasma have also been observed? ue the frequency i is poe 
by the square root of charge-to-mass ratio. __ 

The mechanism of plasma oscillation. has been studied in | detail for both the one 


‘7, Langmuir and L. Tonks, Phys. Res. 33, ‘195 (1929). 
2R. Rompe and H. Steenbeck, Ergeb. exakt. Naturwiss. 18, 303 (1939). 
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tudinal (irrotational) oscillations,! which do not radiate, and the transverse oscilla- 
tion,? which do radiate. 

The general dispersion relation giving wave number k as a function of angular 
frequency w in a region having a distribution of velocities following a given distribution 


function f(v) is? 
ee i ees (5b-209) 


Space-charge Waves in a Drifting Stream. WHahn* and Ramo® studied electro- 
magnetic-wave phenomena along an electron stream drifting with a constant d-c 
velocity (much greater than the thermal velocities) in the axial direction. All d-c 
fields in the drift region were neglected (as when the beam is neutralized by positive 
ions) and alternating current and velocity were assumed small compared with the 
d-c values. Assuming time and axial variations as exp [7(wé — 8z)], the following 
differential equation applies within the beam: 


Wp” 
V2b = (Bp? ca k2) E = | E (5b-210) 
where V;? = transverse part of div grad 

k = free-space wave number, w/c 

®,p = asin Eq. (5b-208) 

vo = d-c electron velocity 

E = axial component of a-c electric field 
For a one-dimensional stream, V2 = 0, four values of 6 result from Eq. (5b-210), 
two field waves in this simple case completely uncoupled from the electrons, and two 
space-charge waves which correspond to plasma oscillations 1 in the moving-coordinate 
system. 


. Field waves: p= tk (5b-211) 
+ 


Space-charge waves: pe: 


(5b-212) 


If transverse variations in the a-c solutions are allowed and the beam is enclosed by a 
perfectly conducting cylinder, the field waves are only slightly perturbed from the 
waveguide solutions for the corresponding hollow cylinder. Space-charge waves 
occur in pairs bracketing the d-c electron velocity. For w > w,, the phase constant 
corresponding to the nth eigen value of Eq. (5b-210) may be written 
B, = f= oe (5b-213) 
Vo 
Wg, 18 an effective plasma frequency, reduced from w, by the image charges on the 
drift-tube walls. Curves of wy,/w , for n = 1, 2 are given in Fig. 5b-11 applying to a 
circularly cylindrical beam of radius b in a perfectly conducting drift tube of radius a. 
_A-C velocity and current vary along the beam as follows, in terms of the initial 
value for on nth mode: 


in(2) = in(0) cos Buz + J - = = 0 (0) sin Baz 
| (Bb-214) 


where po = magnitude of d-c charge density _ 
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Growing Waves. The a-c space-charge waves may grow along the electron stream 
because of various interaction processes which transfer energy from the kinetic 
energy of the beam to the a-c fields. ‘These processes are important for producing 
practical microwave amplifiers of the beam type, but also in the amplifications of noise 


1.0 


Wb/V> 


Fia.. 5b-11. Effective plasma-frequency reduction factor for circular cylindrical solid 
electron beam of radius b in perfectly conducting drift tube of radius a, for modes 1 and 2. 
[From C. K. Birdsall and J. R. Whinnery, Waves in an Electron Stream with General Admu- 
tance ve J. ae: Phys. 24, 314 (1953).] 


fluctuations ‘in electron tubes, gaseous-discharge devices, and possibly in stellar 
atmospheres: Some of the basic interactions which produce growing waves are 


1. Traveling-wave interaction} | 5. Velocity-jump interaction® 


2. Multiple-velocity stream interac- 6. Rippled-wall and rippled-stream in- 
tion? teraction® | 
3. Inductive-wall interaction? 7.. Magnetron-type amplification? 


4. Resistive-wall interaction’ . 8. Slipping-stream amplification® — 
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2 J. R. Pierce and W. B. Hebenstreit, Bell System Tech. J. 28, 33 (1949): A. Vv. Haeff, 
Proc. IRE 37, 4 (1949). 

3L. R. Walker as described by Pierce, op. cit., p. 195; C. K. Birdsall and J. R. Whinnery, 
J. Appl. Phys. 24, 314 (1953). 

4J. R. Pierce, Bell System Tech. J. 30, 626 (1951); C. K. Birdsall, G. R. Brower and 
A. V. Haeff, Proc. IRE 41, 865 (1953). 

6’ P. K. Tien and L. M. Field, Proc. IRE 40, 694 See 
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(1954). 

TR. Warnecke, W. Kleen, A. Lerbs, O. Doehler, and H. Huber, Proc. IRE 38, 486 Shue 
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Technical applications of traveling-wave interaction, in which an electron stream 
interacts with a circuit having a slow wave in approximate synchronism with the 
electron velocity, are the most important of the above. Pierce! has shown that gain 
of a traveling-wave device may be written 


G=A+BCN _ db | (5b-215) 
where N = number of guide wavelengths in interaction circuit 


C = Pierce gain parameter = (pK /4Vo)* 
Iy = d-c beam current 


Vo = d-c beam velocity 
K = interaction impedance = (H?/26?P) 
E = effective electric-field magnitude acting on electrons 


B = phase constant 

P = average power flow in the slow wave 
A and B are functions of loss, space-charge effects, and departure from synchronism 
of beam and circuit.. Limiting values for negligible loss and space charge, and with 
operation in synchronism are A = —9.54, B = 47.3. More complete values are 
given by Pierce! and Cutler.2. Technical applications of the traveling-wave magne- 
tron’ also seem very promising for power. applications, since in this type the beam 
is focused by crossed electric and magnetic fields, and the r-f energy comes from the 
‘potential energy of the crossed field, and not from an average slowing down of the 
beam. The beam may thereby stay in synchronism with the circuit over a greater 
distance and higher efficiency is expected. 

A special case of traveling-wave interaction, for which the wave on the slow-wave 
circuit has oppositely directed phase and group velocities, was shown by Kompfner* 
to have practical application in producing amplifiers and oscillators with a wide range 
(one or more octaves) of electric tuning. Warnecke® has also described this, giving 
results on backward-wave interaction in crossed electric and magnetic fields (M-type 
Carcinotron), where the higher efficiency of the crossed-field devices was observed. 

Space-charge Waves in Accelerated Streams. The differential equation® governing 
small-signal space-charge waves in unidirectional flow for a general d-c velocity 
variation vo(z) is 


oo (8% , files Diane. I - 
Ii +7 (43%) 4 (0% eae -2)s ey (5b-216) 


EyVo>—ss« Uo? AZ Vo" Vo? 
where J; = a-c density 

Ig = d-c density 

n = electronic charge-to-mass ratio 

E = impressed a-c electric field — 
Primes denote derivatives with distance z. 

The case studied in greatest detail’ is that for a d-c potential distribution corre- 
sponding to that consistent with the d-c space-charge effects in the stream. The most 
useful form of the relations between first-order a-c quantities is that given by Llewellyn 
and Peterson. 
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F, B. Llewellyn, Bell System Tech. J. 14, 1632 (1935). 

8 F. B. Llewellyn and L. C. Peterson, Proc. IRE 32, 144 (1944). 
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General Equations for a Parallel-plane Region 
Ve — Va = A*I + Btgqa + C¥va 
gq = D*I + E*qa + Fv (5b-217) 
vw» = GFT + H*qa + I*va 


where Vi, — Va = first-order a-c voltage between a and b planes 
I = first-order a-c density 
Qa = first-order alternating convection current at a nlane 
q = first-order alternating convection current at b plane 
Vv. = first-order a-c velocity at a plane 
v, = first-order a-c velocity at b plane | 


The Constants in the Above a 


A* =* (us +m) $5 | 1 able. x) | 
BY — oi [ue(P — 6Q) — WP + Fue + ws)P) 
Ce = 


= 7 25 (a = us) 
= Ua + w\ P 
aie ( Up - ) 6? 
E* =~ [uy — (ue + w)l eF 
Ud 
F* = € 25 (Ue + Ue +t) Be 8 


n [? 

Gt —7 Ti P P 
= Per BS uUp( — BQ) — Uae + S(ua + us) ] 
= n T? tet yee 

BS a Bg: aces as eB 

1% == lu Ua — oer 


where P = 1 — (1 + B)e“® = 62/2 — 63/3 + 84/8 +--- 
Q=1—e% = 6 — B?/2 + 83/6 — Bt/244+.--- 
S=2-—6-— (24+ B)e% = —B3/6 + 64/12 — 65/40 + 69/180 + -: - 
B = 790 = jwoT : 

D-C Equations 

Limiting current density: 


os ((Voa)t + (Von)A]? 


In = 2.33 X1 3 


Definition of space-charge factor: 


fe __ Ts 
Transit time: T = i_¢ 
where 7’) = ao ys transit time in absence of space charge 
Ua + Ub 
D-C velocity: u = (2nVp)3 


Distance equation: 25 2-(1 — ‘) (ua + ie 5) 
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where 7 = e/m = 1.76 X 10" coulombs/kg 
Ip = density of direct current 
— ¢€ = 1/(867 X 10°) farads/m 
Vp = d-c potential 


n/e = 2 X 1072 , 

Space-charge Waves of Noise. Shot-noise fluctuations! at the cathode excite space- 
charge waves of noise in an electron beam, as observed experimentally by Cutler and 
Quate.?- The ratio of maximum to minimum noise amplitude in the noise waves may 
be modified by “space-charge-wave transducers,’’? such as jumps in d-c velocity, to 
minimize noise figures of practical electron tubes. The absolute minimum that may 
be obtained‘ will depend upon the degree of correlation between velocity and current 
fluctuations in the beam passing the potential minimum. 

Energy Relations in Space-charge Waves. Tonks displayed a form of the Poynting 
theorem suitable for regions containing electric charges having a single-valued velocity 
function v(z,y,2). 


nmmv* 


| ee ae | 8 
[,@xm-s +5 [ jm-D+H-Bav +2 opr av 


mv? } 
+ i > nv°-dS =0 (5b-218) 


n(x,y,Z) = volume density of particles of mass m 


The first term represents the usual Poynting flow of electromagnetic energy out of 
the surface surrounding the region, the second the rate of change of stored energy in the 
electromagnetic field, the third the rate of change of kinetic energy within the region, 
and the fourth the net kinetic power flow through the surface. Gabor* has studied 
applications to electronic devices. 

The complex form’ of the above appropriate to the first-order a-c solution in one- 
dimensional space-charge waves is 


7 (Ei X H*)-dS + jo fe [uH, - H* — <E,- E*) dv + © [ pon: viaVv 


Hens section [Us (22) 43 (22) =~ U1 (21)t7 (21)] dS =0 (5b-219) 


_ 201 
| 

Vo = d-c velocity 

v; = a-c velocity 

1, = a-c density 

po = d-c charge density 
The real part of 3U.1* thus represents the average of the a-c kinetic power flow across 
@ cross section. | 

5b-14. Circuit Theory. Basis of Circuit Theory. The basic circuit problem is the 

special case of the electromagnetic-field problem with currents flowing in nearly 
filamentary paths, and the field interaction largely localized. Thus the field analysis 
of the various parts may be made separately to obtain macroscopic parameters to be 


where U,; = 
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6 D. Gabor, J. Inst. Elec. Engrs. (London) 91:3, 178 (1944). 

‘J. R. Pierce, Bell System Tech. J. 33, 1343 (1954); originally given by L. J. Chu in 
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combined according to certain rules (called the network equations) in order to obtain 
the over-all behavior of the system. | . , 

In the topological form of a typical circuit or network (Fig. 5b-12) a junction of cur- 
rent paths (as a) is called a node or branch point; the path between two nodes (as ab) is 
called a branch; a complete closed path taken along various branches (as abcda) is 
called a mesh; a pair of terminals across which voltage may be applied or input current 
measured (as aa’) is called a terminal pair.. : a 

Kirchhoff’s two laws form the basis of circuit theory: 

1. The algebraic sum of the currents meeting at a junction 1s zero. 

2. In any closed-circuit path the algebraic sum of applied and induced voltages 7s zero. 
| For stationary current flow, the first 
Kirchhoff law expresses the continuity of 
current, and the second law the conserva- 
tive property of a stationary electric field. 
For systems with time-varying currents, 
the basis of the two laws lies in Maxwell’s 
equations. The first law is correct if 
total current, displacement plus convec- 
tion or conduction current, is used, and 
the basis is the continuity of this total 
current. The second law is correct if the 
applied and induced voltages are inter- 
preted by the following equation, ob- 
tained by integrating the vector-potential 
form of the field equations (see Sec. 5b-8) about a circuit path following surfaces of 
conductors:! | | : ae | 


a- > Tq! 


a 
Fie. 5b-12. A typical circuit or network. 


2 2 i 2 0A | 2 - | 
if Eo a— fea [°S-a- f, vV¢o-dl =0 (5b-220) 

The terms may be considered as follows: the first an applied voltage about the path 
produced by an applied electric-field vector Eo; the second: an. induced voltage from 
ohmic and internal-inductance effects within the conductor; the third an induced 
voltage arising primarily from magnetic effects of the circuit; the fourth an induced 
voltage arising primarily from electric charges of the circuit. 

To apply Eq. (5b-220) in general, it is necessary to have a solution of the field 
problem in order to perform the indicated integrations. The last two terms, in the 
general case, will contribute to radiation fields (see Sec. 5b-12) as well as local fields. 
However, the great usefulness of the approach, as indicated in the first paragraph, 
comes when fields may be considered as localized and individual parts of the circuit 
considered separately. Equation (5b-220) may then be written for current as a 
function of time, I(é), in a single-mesh circuit with applied voltage Vo(), 


a) _1 ft ray, = ieee 
Volt) — RIO — LG —% I, Ie)dr =0 ~~  (Sb-221) 
ga{ 2 | | “(5b-222) 
where A = cross-sectional area of conductor (not skin eflect) 
L= ; ip A-di = magnetic flux enclosed per unit current (5b-223) 


C= f= Pt = gcalar-potential difference per unit charge (5b-224) 
I, I(r)dr | ae 


1J. R. Carson, Bell System Tech. J. 6, 1 (1927). | 
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fh, L, and C are resistance, inductance, and capacitance coefficients, respectively. In 
the approximation of localized fields and negligible retardation effects, capacitance and 
inductance are the same as the coefficients defined for the electrostatic and magneto- 
static cases, respectively, so that the extensive formulas and curves of Secs. 5b-1 to 
Sb-4 may be used for these. The resistance coefficient is modified from the low- 
frequency value by skin effect (see Sec. 5b-15). 

Couplings to other parts of the system may also be included in the circuit approach 
by means of mutual resistances, inductances, and capacitances when the couplings 
are localized. For the ith current in a system of N currents, 


N : 
dl; 1 ft 
Vo — > | west: + Lis ak I;(r) ar | 


j=1 


0 (5b-225) 


Equation (5b-225) may be applied to a mesh, provided that the currents of the system 
are mesh currents, or to a branch, provided that the currents are branch currents. | 


Steady-state Sinusoids: N-Terminal-pair Networks. If steady-state sinusoidal 
voltages and currents are represented by the complex: phasors V and [f where 


VQ = Re Veiwt 


and I(t) = Re I eit, Eq. (5b-225) may be written 


N 
Vi- > Zi1; = 0 (5b-226) 
2 te fel | 
where | a Zij(w) = Riz + jloLiz — Ci) (5b-227) 


Some network theorems of importance are:} 

1. Superposition Theorem. The current that flows in a linear network, or the potential 
difference that exists between any ‘two points in such a network, resulting from the simul- 
taneous application of a number of voltages distributed in any manner whatsoever through- 
out the network is the sum of the component currents at the first point (or the component 


potential differences between the two points) that would be caused by the individual voltages 
acting separately. : 

2. Reciprocity Theorem. In any network composed of linear impedances, if an 
electromotive force E applied between two terminals produces a current I at some branch 
in the network, then the same voltage E acting at the second point m the circuit will produce 


the same current I at the first point. | 
3. Thevenin’s Theorem. Any linear network containing one or more sources of voltage 
and having two terminals behaves, in so far as a load impedance connected across the 
terminals is concerned, as though the network and its generators were equivalent to a simple 
generator having .an internal impedance. Z and a generated voltage E, where E is the 
voltage that appears across the terminals when no load impedance is connected and Z is the 
impedance that is measured between the terminals when all sources of voltage in the network 
are short-circuited.? | | _ | | — 
4. Compensation Theorem. If an impedance AZ is inserted in a branch of a network, 
the resulting current increment produced at any point in the network is equal to the current 
that would be produced at that point by a compensating voltage acting in series with the 
1F, E. Terman, ‘‘Radio Engineers’ Handbook,”’ p. 198, McGraw-Hill Book Company, 
Inc., New York, 1943. | | A 
2 When the sources of energy in the network are constant-current generators, instead 


of constant-voltage generators, the internal impedance Z is the impedance observed 
between the terminals when all constant-current generators are open-circuited. 
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modified branch, whose value is —IAZ, where I is the original current that flowed where 
the impedance was inserted before the insertion was made. | 

The form of Eq. (5b-226) also applies to the N terminal pairs of a network and 
represents a set of N linear equations relating the N terminal voltages to the N cur- 
rents at those terminals. Sign convention is as in Fig. 5b-12. Solving (5b-226) for 
the currents gives an alternative form in terms of the admittance parameters. 


N 
I; -— >) Y:V; =0 (5b-228) 
j=l 
where Yi; = det Z (5b-229) 


det Z = determinant of Z;; coefficients 
M;; = cofactor of Z;; in the above determinant 


Another form useful for networks to be connected to transmission lines or waveguides 
at the N terminals is in terms of the scattering matrix coefficients: 


N 
b; — > Si;0; = 0 (5b-230) 
j=l ee 
where a= 1D oi (Vi + Zot i) (5b-231) 
b: = $Zo04(Vi — Zoils) (5b-232) 


Zu. is @ normalization parameter, usually taken as the characteristic impedance of 
the transmission system to be joined to the 2th terminal pair, so that a; and 6; repre- 
sent, respectively, incident and reflected voltage amplitudes in the ith transmission 
system. In matrix form 7 


[S] = (Z] — (UN (Z} + (UV) - (5b-233) 


where [U] = unit matrix. 


One-terminal-pair Networks. For a one-terminal-pair, passive, linear network, the. 


input-impedance function Z (w) = R(w) +jX(w) has these properties for real w: 

1. R(w) > 0 (equality holds only for loss-free networks). | 

2. R(w) is even function of w. 

3. X(w) is odd function of . 

4. X is positive if time-average stored energy in magnetic fields is greater than that 
in electric field, negative if stored energy in electric field is greater, and zero (resonant) 
if the two stored energies have equal time averages. : 

5. If R = 0, dX/dw > 0. | 

Real and imaginary parts of the admittance function Y(w) = Z— have identical 
properties to real and imaginary parts, respectively, of the impedance function. 

Considered as function of a complex variable, Z(¢ + jw) or Y@ + jw) have no singu- 
larities but simple poles, and all poles and zeros lie in the negative half plane, o < 0. 
Since Z is meromorphic, by the Mittag-Leffler theorem, it may be expanded in 
‘partial fractions.’’? | 
— Bjwan 
2 


(5b-234) 


w2 — Wn 


N 
ja ‘ 
Zw) = 2° + jules + > 
| n=1 
1C. G. Montgomery, R. H. Dicke, and E. M. Purcell, ‘“‘ Principles of Microwave Cir- 
cuits,’? MIT Radiation Laboratory Series, vol. 8, p. 146, McGraw-Hill Book Company, Inc., 


New York, 1948. 
293. A. Schelkunoff, Proc. IRE 32,83 (1944). 
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where w, = nth pole of Z(w) 
| 1 
~ [dY /jdaleo—on 


Qn = residue at the nth pole = 
Qo = residue at w = 0 


‘If Eq. (5b-234) is not convergent, or is slowly convergent, a convergence factor may 


be added. 


Z(w) = july +55 Se > 2jwOn I ss “p =| (5b-235) 
n=l 


A similar expression applies to Y (w) in terms of its poles and residues. 
| Ly | ‘be 


(b) 


Fia. 5b-13. Canonical Foster forms for lossless one-terminal pairs. 


If no convergence term is needed, as in (5b-234), the circuit may be interpreted for 
the. loss-free case in terms of the first Foster canonical 
form! (Fig. 5b-13a); the similar expression for admittance o eM, 

Y leads to the second Foster form? (Fig. 5b-13b); if one * ae 
convergence term is retained in Eq. (5b-235), the equiva- Lo 2 

lent circuit? is as in Fig. 5b-14 and conyergence is faster. Bike 
The first and second canonical Cauer forms? (Figs. = £ 
5b-15a,b) are obtained by continued fraction expansion of . 

Z and Y, respectively. | Fie. 5b-14. Equivalent 

Two-terminal-pair Networks. The most important circuit for one-terminal 
class of linear networks is the two-terminal-pair network, P# With rapid con- 


sometimes called four-terminal network, quadripole, or ~~~ 
transducer (Fig. 5b-16). Either the form (5b-226) or (5b-228) or (5b-230) may be used, 


GC, Go Cz 


od 


Ly Lo L3 


| GC; a iad eat 


(a) . | (b) 


Fie. 5b-15. Canonical Cauer forms for lossless one-terminal pairs. 


or a number of other forms.‘ Of these, the most: useful for cascaded networks are the 
transfer parameters. : | | 


1R. M. Foster, Bell System Tech. J. 3, 259 (1924). 

2 Schelkunoff, loc. cit. 

3 Cauer, Arch. Elektrotech. 17, 355 (1927). ani : 

4E. Guillemin, ‘Communication Networks,’ vol. II, John Wiley & Sons, Inc., New 
York, 1935. ‘ a ee , ‘ 


5-84 ELECTRICITY AND MAGNETISM 


y-[4 2)0%) aw 
AD — BC = 1 for - netaorl satisfying reciprocity 
B= WT 
| = -S =z | sien ilirie 
as -- =o — (5b-237) 


Input impedance Z; in terms of load impedance Z Lis” 


Zi “o —-= _ Zi? - _~AZL +86 dae 


: Zn + Zi CZ, +D sob- 288) 
Similarly for admittances , 
¥i=¥u— ye BY; +A (5b-239) 
Input reflection coefficient in terms of output reflection éoefficient is 
m=8 ss ES 5b-240 
= Su + Gp) = Bn (5b-240) 
= bi _ a2 
ov = ar My V ~ Ds 


Another common. formulation ai image impedances and transfer functions ; ) 
4 1 = | ‘€) : = (#). . 7] = cosh! (Y¥11Z11)3 i (b-241) 
Y Yoo ‘ a% ‘ ; 


In terms of these parameters, the insertion loss, or ratio of current through receiver 
after quadripole is inserted between source and receiver to current through r receiver 
before quadripole i is inserted, is 


a (ZR + Zs) (Zi1Zi2)t 


ae fie Ne 2 
Feo ~ (Z,Li2 + ZrZi1) cosh @ + (ZeZs + ZiZiz) sinh ¢ 9 (5b 242) 


Z, is source impedance and ZR receiver impedance. 
Many two-terminal pare are used as filters, to pass signals over a desired frequency 
, : range with little attenuation, while giving 
large attenuations to signals outside the 
desired range. The classical constant-k filters 
e a for low-pass, high-pass, bandpass, and band- 
elimination filters! are pictured in Table 5b-7. 
Fic. 5b-16. Two-terminal pair. .-—« Lower reflection loss and more rapid attenua- 
tion increase outside the pass band are obtained 
by adding half sections of m-derived? filters at each end. The come sponeine 

m-derived sections are also pictured in ‘Table 5b-7. 
The lattice network in Fig. 5b-17 gives more flexibility in achieving dasined response 
characteristics. It is the most general symmetrical two-terminal pair in the sense 


10. J. Zobel, Bell System Tech. J. 2, 1 (1923); T. E. Shea, “ “Transmission Networks and 
Wave Filters,” D. Van Nostrand & Company, Inc:.,; New York, 1939. a 
20, J. Zobel, Bell System Tech. J. 10, 284 (1931). 
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that of a symmetrical two-terminal-pair reactive network is realizable at all, tt 1s realizable 
in the lattice form. Image impedance and transfer constants are 


Bian = Zig = (Zealot 
_, (Za? 
62 = 2 tanh 1 (Z) 


Thus for purely reactive elements, pass bands occur when Z, and Z are of opposite 
sign, and attenuation bands when Z, and Z are of like 
sign. Attenuation is infinite when Z, = Z%,. 

The approximation problem in network synthesis is to 
arrive at physically realizable Z, and Z to give response 
curves agreeing with the desired curves within certain 
specified tolerances. | The errors may be either oscilla- Fic. 5b-17. “Lattice ete 
tory! or monotonic.? Potential-analogue methods are work. 
also useful in the approximation problem.? 

5b-15.. Skin Effect. Definition of the Effect. ie applied benceeaieeee field near 
the surface.of a conductor causes current to concentrate on the surface near the 
applied field, the decay into the conductor being approximately exponential. This 
concentration increases as frequency, conductivity, or permeability increases. The 
result is an increased resistance and decreased internal inductance at frequencies for 
which the effect is significant. The localized joule heating which results causes little 
temperature gradient throughout the conductor because of the high thermal con- 
ductivity of the metal. The current changes in phase as well as in magnitude as one 
progresses into the conductor. 

The results given neglect displacement current within the conductors, an assump- 
tion well justified for good conductors, but results should consequently not be used for 
materials with appreciable dielectric losses. 

Steady-state Formulas for .a Plane Solid. For a plane semi-infinite solid extending 
from z = 0 toz = © and with an applied field Boi in the z direction at z = 0, current 
GEIS varies with depth z as 


(5b-243) 


J, = oByen=e-i2/8 — amp/m? — (6b-244) 
5, the shin depth or depth of penetration, is defined as | | 
ee (a) m_ | (Sb-245) 


The surface Mpedaries Z. is the ratio of (complex) applied electric field at the surface 
to (complex) current flow per unit width. It is s found to be 


a (5b-246) 
where F&,, the surface vies is | 
i R, = = a a ~ ohms/square (5b-247) 
Power loss per unit area is 
Pr = dR,j': is watts/m? (5b-248) 


1 Cauer, Stebschaltungen V.D.I. Verlag, 1931; Cauer, Z. angew. Math. Mech. 10, 425 
(1930). 
2H. Ww. Bode, J. Math. Phys. 13, 275 (1934). 
3'W. W. Hansen and O. C. Lundstrum, Proc. IRE 338, 528 (1945). 
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In terms of the surface magnetic intensity H and a unit vector n normal to the 


surface, current per unit width is 
J=nXH (5b-249) 


Formulas for 3 and R, as functions of frequency are given for several common materials 
in Table 5b-8. | 


TABLE 5b-8. SKIN-EFFECT QUANTITIES FOR CONDUCTORS 


rr A 


Relative* BVy 107R,/V/ 
Resistivity * | permeability ee oa a R, = surface 
Metal . | penetration pee 
(ohm-m) 108 at 0.002 nee: resistivity, 
weber /m? f a i ohms/m? 
requency, cps 
Aluminum.............. 2.828 1 0.085 - 3.33 
‘Brass (65.8 Cu, 34.2 Zn). 6.297 1 0.126 4.99 
Brass (90.9 Cu, 9.1 Zn).. 3.65t 1 0.096 3.79 
Graphite............... 1,000 1 1.592 62.81 
Chromium.............. 2.67 | 1 0.081 3.21 
COppel aii eee iet hes 1.724 1 0:066 2.61 
(SOld in ke ee a aan eis 2.224 1 0.075 2.96 
Lead aigoiteiee ees 22 1 0.236 9.32 
Magnesium............. 4.6 1 0.108 4.26 
MGLCUry vco4 chews 95.87 1 0.493 19.438 
Nickels csacewe tics x5 7.8 100 0.014 . 65.71 
Phosphor bronze......%. 7.75t 1 0.140 5.54 
Platinum..... ......... 9.83T 1 0.158 6.22 
SilVeris es wee wss sas aaaas 1.629 1 0.064 2.55 
NN baled et LES tates 11.5 1 0.171 6.73 
Tungsten was 4 daar 5.51 1 0.118 4.67 
ZAC 5.25 inst sta os 5.38f 1 0.117 4.60 
Magnetic iron........... 10 200 0.011 90.9 
Permalloy (78.5 Ni, 21.5 a 
1.9 nee oe ee ae eee 16 8 ,000 0.0022 727 
Supermalloy (5 Mo, 79 : 
Ni, IG He).G castes ake i 60 105 0.0012 4,880 
Mumetal (75 Ni, 2 Cr, 5 
Cu, 16 Ve) seserssadeds 62 20 ,000 0.0029 - 2,140 


i eee ge 
- -* Values from Pender and Mcllwain, “ Electrical Engineers’ Handbook,” 4th ed., John Wiley & Sons, 


Inc., New York, 1950. 
+ Values at 0°C; others at 20°C. 


Formulas for a Solid Round Wire. For a solid round conductor of radius a with 
applied axial electric field Eo at the surface, current density at radius r is 


es oF Ber (V2 1/8) + j Bei (V2 1/8) amp /m? (5b-250) 
Ber (V2 a/8) + j Bei (V/2 a/8) | 
where Ber and Bei! are Bessel functions. 
Ber x +7 Bei x = Jo(j“z) 


1 Defined by Lord Kelvin and tabulated in H. B. Dwight, “ Tables of Integrals,’’ rev. ed., 
The Macmillan Company, New York, 1947; or McLachlan, ‘‘ Bessel Functions for Engi- 
neers,” Oxford University Press, New York, 1934. 
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' Internal impedance (resistance and internal reactance) per unit length is 


3Z.=R + joli = jks ie ron er cas ohm/m (5b-251) 


/2 ax | Ber’ (1/24/58) + j Bei’ (V2 a/8) 


where Ber’ z + 7 Bei’ x = d(Ber x + j Bei x) /dz is also tabulated. A low-frequency 
approximation to Eq. (5b-251) valid for 
a/é6 < 11s 


Zi = tse [1 + aa (G) | +93} 
ohm/m  (5b-252) 


A high-frequency approximation to Eq. 
(5b-251) valid for a/é > 10 is 


a (1 ohm/m. (5b-253) 


Curves of R/Ro, wh;/R., and L;/(L;)o 


a/8, RATIO OF RADIUS TO DEPTH 


are given in Fig. 5b-18 as functions of a/é. OF PENETRATION 
Ko is d-c resistance and (L;)o the internal yg, 5b-18. Skin effects for solid round 
inductance at zero frequency, conductors. 
1 iB 
Ryo = ohm /m (Li)o9 = = henrys/m 
raze Sir 


Tubular Conductor. For a tubular conducting cylinder of internal radius 6 and 
external radius a, and with an applied field at the external radius, impedance per unit 


length is 
R, Ta) Ho"(Tb) — S(T) HAT 
Ristjolece Beato eee 


A/2j ra | Jo(Ta)Ho’(Tb) — Jo(1b)Ho"(Ta) 


where T' is the complex quantity (—jwyo)t. The real and imaginary parts of the first 
Hankel function Ho of complex argument (j~3z) are given in Jahnke and Emde.! 
Note that 7 


| ohms/m (5b-254) 


HY" (2) = £ Ho (a) = — Hi (2) 


If the applied field is at the inner radius (as when the tubular conductor is used as the 
outer conductor of a coaxial transmission system), interchange a and bin Eq. (5b-254). 

For a thin-walled tubular conductor? with thickness d =a — b, an approximation 
to Eq. (5b-254) is 


R= 


ohm /m (5b-255) 


R, Ee (2d/6) + sin (vars) 
2a | cosh (2d/6) — cos (2d/8) 
_ R, [ sinh (24/8) — sin (2d/8)] 
whi = ora Excel ohm /m (5b-256) 


Figure 5b-19 shows R/R» and os Ro as functions of d/é where Roi is d-c resistance, 
Ro} = x(a? — b2)oc. 


1 Jahnke and Emde, ‘‘Tables of Functions,’’ Dover Publications, New York, 1945. 

2More complete curves for the thick-walled tubular conductor are given in H. B. 
Dwight, A Precise Method of Calculating Skin Effect on Isolated Tubes, J. Am. Inst. 
Elec. Engrs. 42, 827 (August, 1923). 
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Conductors of Other Shapes. For a conductor of arbitrary shape, solution of 
the following equation yields current 
distribution | 
V2 = juopod (5b-257) 
with boundary conditions at the surface 
of n- J = 0 and J = cE» where Ep is the 
applied field at the surface. Solutions are 
not available for many shapes. Figure 
5b-20 shows resistance compared with d-c 
resistance for a conducting cylinder of 
rectangular cross section! determined | 
mostly by experimental methods. | | 
For any conductor at frequencies high 
enough so that thickness and all radii of 
se 05 10 15° 20 25 30 curvature are large compared with skin 
dd RATIO OF WALL THICKNESS TO depth defined by Eq. (5b-245), the planar 
8 DEPTH OF PENETRATION: analysis may be used as a good approxima- 
| — dFa-b- tion. Internal impedance (resistance and 
Fia. 5b-19. Skin-effect resistance and reac- internal reactance) for a length / and width 
tance for thin-walled tubular conductors. ‘w over which fields are uniform are then 


Z~(1+9)" ohms (5b-258) 


For a given surface magnetic field, power loss per unit area may then be found approxi- 


4.0 
pee eta dese ete eee ee ey 
Ee fc a 
ee ees PAae 
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| 
p:(—$% —) 2, Rd-c=d-c RESISTANCE, OHMS/METER OF LENGTH 
lO" Rg , —_ Es 


Fia. 5b-20. A-C resistance of rectangular conductors. [From Terman, ‘‘ Radio Engineer's 
Handbook,” p. 43, McGraw-Hill Book Company, Inc., New York, 1943, as extended from 
data of S. J. Haefner, Proc. IRE 25, 434 (April, 1937).] 


mately by Eqs. (5b-248) and (5b-249). A very general method of determining the 
skin resistance of certain polygons has been given by Wheeler.? 

Similitude is useful in the study of skin effect in arbitrarily shaped conductors. If 
18, J. Haefner, Alternating Current Resistance of Rectangular Conductors, Proc. IRE 
25, 434 (April, 1937). | 


2H. A. Wheeler, Skin Resistance of a Transmission-line Conductor of Polygon Cross 
Section, Proc. IRE 43, 805 (July, 1955). 
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two systems are geometrically similar, distribution of currents in the two systems will 
be similar, provided that linear dimensions are in the same ratio. as skin depth for the 
materials of the two systems. Imped-. 
ance of the two systems will then be 
inversely as the ratio of linear dimen- 
sions. . Tests made on‘a small system. 
at high frequencies may then be used to 
predict results for a large system at 
lower frequencies. 

Coated and Laminated Conductors. If 
a coating of one conducting material is 
placed on another material, resistance 
and internal reactance will be nearly the 
same as for a solid of the coating 
material, provided that coating thick- 
ness is large compared with 6 for that 
material; resistance and internal react-_ 
ance will be nearly the same as for a 
solid of the base material if coating 
thickness is very small compared with 6 for the coating material. For a semi-infinite 
solid of constants o2, 42 coated with a sheet of depth d of a material with constants 1, 
#1, internal impedance for the general thickness is : 


FORMULAS 


Oo O58 tO 45 20 25 30 
78, RATIO OF COATING THICKNESS 
TO DEPTH OF PENETRATION 
_ Fra. 5b-21. Skin-effect resistance and reactance 
for coated conductor with Vv, p201/pioe = 0.34. 


_ a aap. {sinhlG +3)d/51 + (Ra/Ra) cosh [(1 +7)d/a]) | 
= (+ i/)Ra {sinh fay) + (n/a) comb [+ d/n) ewes 
’ (5b-259) 


Surface resistivity R, and skin depth 6 are as defined in Eqs. (5b-245) and (5b-247). 
Figure 5b-21 shows the way in which 
resistance and internal reactance vary 
with d/é, for a particular case of the 
coating of a poorer high-frequency con- 
ductor than the base, R,,/R., = 0.34; 
Fig. 5b-22 shows curves for the particular 
case of K,,/Rs, = 1.6, the coating being 

_the better high-frequency conductor. 

An important use of laminated con- 
ductor interspersed with insulating layers 


re) 
O oO8 10 15 20 25 30 


d/3, RATIO OF COATING THICKNESS. 
TO DEPTH OF PENETRATION 


Fra. 5b-22. Skin-effect resistance and react- 
ance for coated conductors with V w201/u102 
6. 


to produce more efficient use of the 
current-carrying cross section has been 
given by Clogston.! : 
Transient Penetration in the Plane Solid. 
If a constant magnetic field Ho is sud- 
denly applied at time t = 0 to the surface 


of a semi-infinite plane solid, field at depth z, time ¢ > 03 is 


H(z,t) = Ho E — erf € 


(5b-260) 


2) amp /m 


If the applied field increases linearly with time, H(0,f) = Ct for t > 0, 


H(z,t) = Ct 1¢ oak cc ) E 


AC Vi) ]-« 


aor? 
Bon (22 


)t (5b-261) 


Universal curves of H(z,t)/H (0,t) are given in Fig. 5b-23 for the two. cases, 


1A. M. Clogston, Bell System Tech. J. 30, 491 (1951). 
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Thin-sheet Shielding Formulas.1 The shielding effect on both transient and steady- 
state time-varying fields of plane, spherical, or cylindrical conducting sheets of area 
resistivity « whose thickness is small compared with the skin depth and with other 
dimensions involved which in turn are small compared with a wavelength are given by 
formulas mostly due to Maxwell. | 

INFINITE PLANE SHEET: The shielding is independent of the position of the sheet 
which is at zg = 0. Let the vector potential of the source, located in the region of 
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Fre. 5b-23. Penetration of pulsed fields into a conductor. 2 = depth fron surface, m; 
i = time, sec; o = conductivity, mhos/m; p= permeability, henrys/m. (From J. R.z 
Whinnery, General Electric Co. Data Folder 46217, Oct. 20, 1942). 


positive z, be given without the sheet by f(t,7,y,z). After the sheet is introduced the 
vector potential in the region of negative z is given by 


A= 2 [°s(e-n 2,2 - Zr) a (5b-262) 
The instantaneous rate of dissipation of energy in the sheet is 


20 om 0 e2 re) Qo 9 
i i= i= E = bh fo (: me py SE = +) a | dey (5b-263) 


where fy is the component of f parallel to the sheet. 


1 Material supplied by W. R. Smythe. 
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SPHERICAL SHELL: Let the vector potential at r = a without the shell due to an 
axially symmetrical field be C,P,.1(cos 6) fn(t). After the shell is placed at r = a, the 
vector potential inside due to external sources is ; 


Ag = — ae (2n + 1)r"a“C,P,,! (cos 6) i ‘ Fn(t — r)e“@ntber/u,0 dr — (5b-264) 


The vector potential outside due to internal sources is the same but with (a/r)*+1 
substituted for (r/a)". The instantaneous energy-dissipation rate in the shell is 


_ Ano 


sa > n(n + 1)(Qn + 1)C,2 E i. ” f(t — rent Der /nya dr |" (5b-265) 


Mya 


CYLINDRICAL SHELL: Let the vector potential at p = a without the shell of sources 
which consist of currents parallel to the z axis be 


-=C, cos (nd + an) fu(t) 


When the shell is placed at p = a, the vector potential inside due to external sources is 


An = = 20 np"a"C, cos (nd + an), f° Ffn(t — r)e72"oT/H ve dy (5b-266) 


My 


The vector potential outside due to internal sources is given by writing a/p for p/a. 
The instantaneous rate of energy dissipation per unit length is given by 


4ino 


p = = y nC? E i: ” F(t — r)entnor/ien ar |’ (5b-267) 


v 


EDDY-CURRENT HEATING OF SPHERE: When the wavelength is very long compared. 
with the radius a of a sphere of conductivity o and relative permeability Ky, = p/p, 
which is placed in a uniform alternating magnetic field of flux density B and angular 
frequency w, the rate of energy dissipation is 


draw? K ma[1/2u(S +s) — C + c]B? (5b-268) 
U2 (pa? + 1)C + (pa? — 1)e — u(S + 8)] + Upatu(S — s) + p2at(C — c) 


where U = Kn — 1, p = cyw, u = (2p)ha, S = sinh u, C = cosh u, s = sin u, and 
c =cosu. Note that, when the relative permeability is one, all the terms in the 
denominator except the last vanish. ” 


SOME SOLID-STATE FORMULAS 


5b-16. Electrical Conductivity. In a solid where ohmic conduction occurs, the 
current density J is given by 
J = cE 


where o is the conductivity and E the applied electric field. In a homogeneous 
isothermal crystal o is a tensor having the symmetry of the crystal. The current. 
density may be written as 

J = nevp 


where n is the density of charge carriers and vp is their drift velocity. The drift velocity 
depends on the distribution function assumed for dynamic equilibrium! 


1 See ref. I, chap. IV, also ref. II. General references, given at the end of this section, 
are designated by roman numerals. 
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- Metals (Free-electron Theory) 


erie Maxwell-Boltzmann ‘statistics ' (5b-269) 


° ~ 3 QamkT) 
_ ne@r(Wr) ps 1; ae | : 
Ce Way nore ae statistics , (5b-270) 


m is the electronic mass, & the Boltzmann constant, ) is the mean free path of the 
electrons, \(W +r) is a function of the Fermi energy, and v(Wr) is the velocity of the 
electrons near the Fermi level | | 


WrZwr E wt ( KD \'| 


~ 12\ Wr 
h2 h? (3n\3 
0, a 2 = | 
where _ Wr Qn (3n?n)é 2m =) 


Equation (5b-269) gives the correct magnitude of the conductivity at room tempera- 
ture if \ is taken as the interatomic distance; however, the temperature dependence is 
not T~-! as is found by experiment. Equation (5b-270) requires that \(W +r) be 10 to 
100 times the interatomic distance to match room-temperature data and approach 
infinity as T— 0. An empirical relation given by Griineisen! = 


a ae 0/T x® dx 
| oe I, (e* — 1)(1 — e*) 


gives the proper temperature dependence for some simple metals.” 
Semiconductors. When electrons (see Sec. 5e) are the only charge carriers — 


c= = = Nepn (5b-271) 


where n is the density of electrons in the conduction band and px = vp/E is the 
mobility of the electrons. The drift velocity is frequently written — 3 


Vo = —- ih E 
where 7 is mean free time. In terms of + 
are 5) 
Mn Mn 
net n 
and on, = 
Mn 
If holes are the only charge carriers, 
2. ; 
o = pep = pee (5b-272) 
Mp | 


where p is the density of the holes in the valence band and yp is the hole mobility. In 
a mixed semiconductor (electrons and holes) : : a 


emcee ga whe Gb273) 


The values of n, p, and » depend on both the model used and the temperature.? At 


1E. Griineisen, Ann. Physik 16, 530 (1933). - ; _ | 7 

2 For a detailed discussion of the conductivity in metals see ref. I, chap. XV; refs. II, 
III, and J. Bardeen, J. Appl. Phys. 11, 88 (1940). 7 . 

3 See ref. VI, chap. 11. 
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temperatures for which the Fermi-Dirac statistics can be replaced by the classical 
case, 1.e., _ 
3\2 h? 
—}) —— ni 
T> (2) Sim” 


Equation, (5b-269) may be used for ¢ in Eqs. (5b-271), (5b-272), and (5b-273) with the 
proper substitution for n and 4. | Oe : | | 
Electron Conduction (n Type). Hole Conduction (p Type) . 


_4 ner, _4 pe*r 3 
~ 3 (Qam,kT)t ore (QrmpkT)s (5b-274) 


C 
Ionic Conductors. Ionic conductivity, in most cases (see Sec. 5f-6), at high tem- 
peratures can be represented by | 


Ne?D 
kT 


eWAT = Ae-W/AT (5b-275) 


Cc 


The factor A, derived by Einstein,’ is the contribution to the conductivity from 
electrolytic migration of a given atom. WN is the number of diffusing atoms per cubic 
centimeter, D is the diffusion coefficient in zero field, and W is the activation energy 
which depends on the transport mechanism involved in the conduction. 

5b-17. Thermoelectric, Thermomagnetic, and Galvanomagnetic Effects. Thermi- 
onic Emission. The current density of electrons emitted from a metal at a tem- 
perature T is i | | | | 
J = AT*(1 — rje-eAT exp (— s/Bet/kT) (5b-276) 


where A = 4rmek?/h? = 120 amp/cm? /deg?, r is the reflection coefficient representing 
the probability that an electron with sufficient energy to exceed the surface barrier 
will be reflected back, ¢ is the work function, +/£ e! is the maximum potential near 
the surface due to an electric field E at the surface. | | 

Thompson Coefficient. If a homogeneous conductor carries a current of density 
J, and has a uniform temperature gradient dT /dz, then the heat per second developed 
per unit volume rs 


dH dT 
“dt a pd z ae ord x az 
The Thompson coefficient? is | 
ee | ak?T (f 1 1 dx 


A knowledge of the mean free path \ as a function of the energy is required to evaluate 

or. For example, Sommerfeld and Frank® considered the number of free electrons per 
unit volume to be independent of the temperature and the mean free path of the elec- 
trons independent of their velocity. These assum ptions give for metals eA 


_ Qx?mk? Trp 
i 3eh? 


where: Az is the de Broglie wavelength of those electrons which have the critical 
velocity of the Fermi distribution. Johnson and Lark-Horovitz‘ have calculated. the 
Thompson coefficient for a two-carrier model of a semiconductor for the intrinsic, 


1 F. Seitz, ‘‘ Physics of Metals,” p. 183, McGraw-Hill Book Company, Inc., New York, 
1943. <> o ee . 
-* See ref. I, p.179.° | | 

3A. Sommerfeld and N. H. Frank, Revs. Modern Phys. 8, 1 (1931). 

4V. A. Johnson and K, Lark-Horovitz, Phys, Rev. 92, 226 (1953). 
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impurity, and transition ranges. For the intrinsic range 


em {2k =) T kb —1) d 


earl b+1 e b+1 aT eh 


where b = pn/pp and E, = Eo + aT is the energy gap at the temperature T’. 

Absolute Thermoelectric Power. When a temperature gradient is applied to a 
homogeneous electronic conductor in which no electric current la a thermal emf ¢, 
called absolute thermoelectric power, is given by 


6 = 47 : | (5b-278) 


where 2 is the electrochernical potential of the free electrons. For metals 


_ [Zar | 5b-279 
=f, Z (5b-279) 


When two conductors form a couple and the temperature difference across the junc- 
tions is small, T and T + dT, the thermoelectric power Q is given by 


o a - 
Q= il tt aT oe (Bb-280) 
Seebeck Effect. When two metals form a closed circuit through a potentiometer 


(J = 0) and their junctions are maintained at different temperatures T, and 72, a 
Seebeck emf &, results which is given by 


f & ; 
eke [, * te ~ es) aT _ (5b-281) 


Peltier Effect. When a current I passes through the junction of two conductors, the 
junction will be heated or cooled. When the current is reversed the junction | is cooled 
or heated. The heat per Recon at the junction is 


Ay, = Wiel 

Iie is called the Peltier coefficient (Te. = —Tiz) 
or, — FT; ~~ : : 
Ilye ae ie if op aT = T (e2 = €1) (5b-282) 


"Isothermal Hall Effect. When a magnetic field is applied to a conductor carrying 
a current density J, an electric field Ex (Hall field) is developed given by the relation 


= RJ XB | (5b-283) 


R is called the Hall coefficient. When the current density is in the long direction of 
the sample (J,) and the field is in the z direction, the Hall coefficient is (see Sec. 5e-2) 


R=-—=-- (5b-284) 
where n = carriers/m?, e = 1.60 X 10!® coulombs, 4» = Oe. sec, and ¢o = 


{ohm-m)~}, 
The Hall coefficient for a semiconductor depends on the charge carrier involved 


7 1 
(n type) k = ame (p type) R = s-- 
(mixed) R = — om | | 


(5b-285) 
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where b = pin/up. In ferromagnetic materials an effective field 
| Herr = H + 4raM 


is substituted for the applied field (see Sec. 5h-12). 

Nernst Effect. If a temperature gradient is maintained in an electronic conductor 
(J = 0) in the presence of a transverse magnetic field a transverse electric field 
develops which is given by - 7 
= QVT XH (5b-286) 


Q is called the Nernst coefficient. For semiconductors the isothermal Nernst coeffi- 
cient! at temperatures high enough for classical statistics to apply is 


: (n Type) (p Type) 
3x k : 3a k 
Qn.=— I6 . Mn : Qp = — 16 @ Mp (5b-287) 


Ettingshausen Effect. If a temperature difference is maintained across an electronic 
conductor perpendicular to a current of density J in the presence of a magnetic field, 
a transverse temperature gradient is established. The heat current g = 0 


v.T =P] XH | (5b-288) 


P is called the Ettingshausen coefficient. 

Right-Leduc Effect. If a difference in temperature is maintained i in an electronic 
conductor in the presence of a magnetic field in which J = 0, a transverse temperature 
gradient is established 

V.T = SH X VT (5b-289) 


S is called the Righi-Leduc coefficient. 

Magnetoresistance. The resistance of a metal or semiconductor is altered by the 
presence of a magnetic field. ‘A calculation? of the change in resistance due to the 
application of a magnetic field, based on the free-electron theory, provides the 


expression , 
A BH? 
= - 77m (5b-290) 


This expression agrees with the form of the experimentally determined curve of 
Ap/p vs. H, i.e., for low fields CH? <« 1 


Ap 
p 


and for very high fields a saturation is approached 


ei 2 A (const) 


The values of B and Cin Kq. (5b-290) do not agree quantitatively, indicating that the 
free-electron theory is too simple.* | 

Cyclotron Resonance of Electrons and Holes. Current carriers in a solid, when 
accelerated by a microwave electric field perpendicular to an externally applied static 


1 For a summary of thermoelectric and galvanomagnetic formulas for semiconductors, 
see E. H. Putley, Proc. Phys. Soc. (London) B68, 22, 35 (1955). 

2See ref. I, p. 184. | 

3 For a more extensive treatment, consult the literature. H. Jones and C. Zener, Proe. 
_ Roy. Soc. (London) 145, 268 (1934); L. David, Phys. Rev. 56, 93(1939); F. Seitz, Phys. Rev. 
79, 372 (1950); C. Herring, Bell System Tech. 7. 34,237 (1955). 
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magnetic field H , will’ spiral about the magnetic field. Under certain conditions! 
a resonance absorption is observed when the angular frequency of the electron is related 
to the magnetic field by the cyclotron equation 


ee. | - (Bb-291) 


where the + sign refers to the sign of the carrier (+ for holes), m* is the effective mass, 
and.c is the velocity of light. The technique provides a direct measurement of the 
effective mass of electrons and holes. 
5b-18. Types of Magnetism. Diamagnetism. Substances whose magnetic sus- 
ceptibility 
M | : 


is negative are called diamagnetic. The ape ou formula for the diamagnetic 
eee of an atom is (ref. VIIT) © | | 


i Sere > 72 | — (5b-292) 


where 7? is the mean square distance of the electron from the nucleus and the summa- 
tion is over all the electrons in the atom. 

Paramagnetism. Substances whose magnetic susceptibility is positive are called 
paramagnetic. Langevin made a classical statistical analysis of an ensemble of 
dipole moments in thermal equilibrium in a magnetic field. The magnetization is 
given by 


oe Nuk @) | (Sb-298) 


where N is the number of atoms per unit volume and uw is their dipole moment. The 
Langevin function is _ 3 


L(a) = coth a — - 


If »H «kT, the Langevin formula reduces to the Curie law 


| _ Nw Ne 2G 7 7 
Introduction of the quantum theory into the statistics for atoms with total angular 
momentum quantum number J gives 


gJ up 


M = NgJusBs (ee 7 (5b-295) 
where g is the Landé factor, us is the Bohr magneton, eh/4xmce = —0.927 X 10-° 
ergs/oersted, and the Brillouin function is 

27 4+1 (2J:+1)z. 1 ae | 

Bi(x) = og coth og Bg eoth a7 | (5b-296) 
For x < 1 susceptibility becomes © | | 
x = NI pqy Cee (5b-297) 


3kT . 


Note. The above equations were derived on the assumption that the atoms are 
free and therefore do not in general apply to solids. For details, see ref. VIII. 


a G. Desasalhaus, A. KF. Kip, and C. ‘Kittel, Phys..Rev. 98, 368 (1955). 


FORMULAS — va 5-101 


f 


Ferromagnetism. Ferromagnetic substances are characterized by the onset of a 
spontaneous magnetization (in a zero applied field) at voMiper atures for which T < Tc 
where T'c is called the Curie temperature. 

1, WEISS MOLECULAR FIELD: Consider the magnetic field applied to the ‘dipoles i in the 
Langevin function to consist of the applied field plus an merael field which is pro por- 
tional to the magnetization. The effective field is 


HA, = Hi, + qM 
The magnetization is 


M = Nul (Ag aaah (5b-298) 
A nonvanishing solution for M exists for Ha = 0 when T < T,, where 
Tr, = AHS (5b-299) 
For T > T, the susceptibility is 
Np? C a 
(5b-300) 


x” 3h? —T) T—T. 
This equation is called the Curie-Weiss law. It is usually written 


ae 
aie ee 


where 6, called the paramagnetic Curie point, is found by experiment to be slightly 
larger than T, when T > T, (see 5h-13). 

il. HEISENBERG EXCHANGE COUPLING: Heisenberg replaces! the molecular field 
assumption with the idea that the interaction between a pair of atoms 7 one 7 has the 
form 


Vij = —298;°S;_ | | (5b-301) 


where S; and S; are quantum-mechanical spin operators and J is fii: exchange energy. 
This problem has not been solved exactly; the most usual approximations are to con- 
sider interactions only between nearest neighbors and to assume that all states of the 
crystal with the same total spin have the same energy. For these approximations, the 
Heisenberg results can be taken over directly from (i) with the following substitutions: 


b> gupS yp? —> g?up*S(S + 1) 
L(x) > Bsg(z) 
225° 
Ng?pp? BB? 
where the z is the number of nearest neighbors ofa given atom. These procedures and 
results usually go by the name of “the first Heisenberg approximation.”’ The litera- 
ture (see ref. VIII) should be consulted for information about other approximate 
solutions of the spin-operator problem. The magnetization in this approximation is 


a 


M = gNSuzBs(zx) (5b-302) 
where 2 = 2M (Ht + gM) | 
The Curie temperature is | | : 

T. = a2dS(S +) (5b-303) 


For T > 7, 
4Nup*S(S + 1) 
= 3k(T — T.) 
1W. Heisenberg, Z. Physik 49, 619 (1928). 


(5b-304) 
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Antiferromagnetism. Antiferromagnetic substances are those in which the mag- 
netic ions can be divided into equivalent sublattices which become spontaneously 
magnetized in an antiparallel arrangement below some temperature T.. The anti- 
parallel alignment occurs because of a large negative exchange integral. Van Vleck! 
considered two simple interpenetrating cubic lattices and nearest-neighbor interactions. 
Call one sublattice A and the other B. The effective field on an ion of lattice A is due 
to the ions of B; thus 


where q is the same as in the ferromagnetic case except that J is now negative. The 
susceptibility for 7 > T. is , 


_ g@NugS(S +1) C 


X= "SF +0 T+ (5b-305) 


where @ = cT, and c = 1 for the simple model.?. The susceptibility below the Curie 
temperature for this simple model consists of two parts; the susceptibility parallel 
(x}}) and perpendicular (x) to the antiferromagnetic axis. x1 decreases and becomes 
zero as J’ —> 0; thus the susceptibility at absolute zero is | 


Xpu0 = $XT-7, (5b-306) 


Ferrimagnetism. Ferrimagnetic substances are those in which the magnetic ions 
can be divided into nonequivalent sublattices which become spontaneously magnetized 
in an antiparallel arrangement below some temperature T,.. A ferrite, i.e., NiFe2Ou,, 
is used as an example. It is a spinel structure having a close-packed cubic oxygen 
lattice in which there are 8 tetrahedral and 16 octahedral sites occupied by magnetic 
ions. The sites are labeled A and B, respectively. Néel,? using the Weiss theory, 
gave the effective fields at the A and B sites as 7 


Ha = Ha + yaaMa — yasMs 
He = Ha — yasMa + yanMe 


; 22, e ee 
where vii = ee 
| | ; 


z:; is the number of nearest neighbors on the j sublattice to an atom on the 7 sub- 
lattice, Ji; is the exchange coupling between the electrons of those atoms, and N; 
is the total number of magnetic ions on the j sublattice. 


For T > T,. | 
CG T — @’ 
gs i a ee 5b-307 
cae ee ey eee ( ) 
_NgwS(S +1) ,_Nsa ,_Ne 
where C aa 3k x — N = N 


T. = $Cidvaa + mya + -V Ova — wyps)* + 4duvasil 
T, = eCl yaa + hYBB — a/ (Nyaa — MyBB)? + 4duyaB7] 


¢ 


6’ = \wC[yaa + vee + 27asBl 
For T < T, 


1J. H. Van Vleck, J. Chem. Phys. 9, 85 (1941). 
2 For other models, see J. Samuel Smart, Phys. Rev. 86, 968 (1952). 


31, Néel, Ann. Phys. 3, 137 (1948). 
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Ma = NagusSya Mes = NagusSyp (5b-308) 
. 21, p22 
where ya = Bg Ng?us's? (AyAAYA — BYABYB) 
| 3kT Poe 
Ng?us’S 


yp = Bg app (~vanya + wyeBys) 


where Bs(z) is the Brillouin function. _ | 
5b-19. Gyromagnetic Effects. Gyromagnetic Ratio. The magnetic moment of an 
amperian current loop is proportional to its angular momentum 


vag j= 75 —— (b-309) 
or summed over an entire body | 
M = y’J (5b-310) 


where J is the total angular momentum corresponding to the magnetic moment M. 
A change in either J or M produces a corresponding change in the other. 
BARNETT! EFFECT: Change of magnetization by rotation. 
EINSTEIN—DE HASS EFFECT:? Change of rotation by magnetization. 
Measurements by these methods yields values of g’ < 2 indicating that the electron 
' spin is the predominant source of magnetism. Kittel (see ref. IV) gives the relation 
g — 2 =2 — g’, where g is the spectroscopic splitting factor. : 
Spin Resonance. A substance with a magnetic moment in a static magnetic field 
H will absorb energy from an oscillating magnetic field of small intensity at right angles 
to the static field. The peak of the absorption curve occurs at the angular frequency 


_ 2rguH _ 
OR pr oe 


yH > (5b-311) 


where yu is the appropriate unit for the magnetic moment and g is the spectroscopic 
splitting factor. 
PROTONS. yw is the nuclear magneton up = eh/4rM pc and g = 5.58 


7 = » (ke/sec) = 4.26H (oersteds) (5b-312) 


FREE ELECTRONS: | 
= UB and g =2 | 
vy (Mc/sec) = 2.80H (oersteds) (5b-313) 


PARAMAGNETIC SALTS:*® The equation of motion, treating the body as a whole, may 
be obtained‘ by the use of Eq. (5b-310), M = yJ, and the torque dJ/di = M X H, 
dM 


<7 = (M XH) (5b-314) 


where the components of H are 
H, = 2H, cos wi H, =0 H, = static field 


the amplitude of the oscillatory field is small compared with the static field, and the 
resonance frequency is 
wo = yH, (5b-315) 


1§. J. Barnett, Revs. Modern Phys. 7, 129 (1935). . 

2 A. Einstein and W. J. de Hass, Verhandl. deut. physik. Ges. 17, 152 (1915). 
3 For metals, see Freeman J. Dyson, Phys. Rev. 98, 349 (1955). 

*F, Bloch, Phys. Rev, 70, 460 (1946), 
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. FERROMAGNETIC RESONANCE: Kittel!-has shown that the above equations hold for 
ferromagnetic resonance if all demagnetizing effects are included. For example, the 
resonance frequency becomes 7 | 

= 7(BH)t | (5b-316) 


for a specimen in the form of a thin disk with the static field parallel to the disk. 
ANTIFERROMAGNETIC RESONANCE: Above the Curie temperature, paramagnetic 
resonance is found. Below the Curie temperature, the effective field? becomes . 


Her = (Ha(2Hez + Ha)]t (5b-317) 


where H, is the effective anisotropy field of one sublattice and Hz is the exchange 
field. 

FERRIMAGNETIC RESONANCE: The individual sublattices must be considered in the 
resonance equation. An effective splitting factor? for the combined sublattices is 
given by | ee 
| e [M| = [= Mi] or 
a a rae as 5b-318 
aA S| ~ QM./7a) pueda 
where M; is the magnetization of the individual sublattice and yi = gi(e/2mc) 
describes its gyromagnetic ratio. | 
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The National Bureau of Standards 


- 6c-1. Fundamental Considerations. The standards in terms of which electrical 
quantities are evaluated are derived from absolute measurements which serve to 
establish the magnitudes of the electrical units in terms of the basic mechanical units. 
The relations between the fundamental mechanical units and the electrical units 
derived from them are required to satisfy two conditions: (1) the electrical watt should 
equal the mechanical watt; and (2) in a rationalized system the unit of resistance 
must be such as to make the wave impedance of free space numerically equal to 
Mol, where yp, is the conventionally assigned value of the permeability of free space and 


¢ is the velocity of the electromagnetic wave.! The first condition fixes the product — 


of the volt and the ampere (the watt) , while the second fixes their quotient (the ohm). 

Two types of absolute measurements have been used in assigning values to the elec- 
trical units. In one type of experiment an inductor (either self or mutual) is con- 
structed of such form that its inductance can be computed from its measured dimen- 
sions together with the conventionally assumed permeability of the space around it. 
This inductor is then supplied with a periodically varying current, and its reactance 
at the known frequency is compared with the resistance of a standard resistor.2. In 
this absolute ohm experiment a value is assigned to the resistor in terms of length, fre- 
quency, and permeability. 

In a second type of experiment, a pair of coils is so cenuiged that the force or torque 
exerted between them when they carry a current can be measured. accurately. This 
arrangement is called a current balance. The current, thus measured in absolute 
amperes, is passed through a resistor whose value is known in absolute ohms. The 
resulting voltage drop i is opposed to the electromotive force of a standard cell, and its 
emf is determined in absolute volis.3 

Values having been assigned to physical standards of resistance and voltage on the 
basis of absolute measurements, the values of the other electrical units ean be derived 
from them using appropriate relationships. Thus the ohm and. volt become the basic 
units of electrical measurement, and their physical embodiments in resistance coils and 
standard cells become the fundamental electrical standards. 

5c-2. History of Electrical Standards. The British Association ohm (1864), 
resulting from the work of a committee under the leadership of Maxwell, represented 
the first concerted attempt by a responsible organization to realize an electrical 
standard based on absolute measurements correlating a mechanical and electrical 
system of units. At that time the Daniell cell was commonly used as the standard 
of emf. Later the Clark cell (1872) and its modification by Lord Rayleigh (1884) 
were used. Still more recently (by international agreement in 1908) the cadmium 


1F. B. Silsbee, Instruments 26, 1522 (1953). 
2 Thomas, Peterson, Cooter, and Kotter, J. Research Nail. Bur. Standards 43, 291 teae): 
3 Curtis, Driscoll, and Critchfield, J. Research Natl. Bur. Standards 28, 133 (1942). 
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cell, invented by Weston (1891), has entirely replaced the Clark cell and is in use 
today as the standard of emf. 

Although the assignment of values to electrical standards on the basis of an absolute 
system of units has been generally recognized as desirable since the initial proposal 
of the British Association, the difficulties encountered in absolute measurements led 
to rather large uncertainties in the values of the standards. This resulted in the 
adoption (1894) of an auxiliary set known as the “international”’ units, which were 
a, “reasonable approximation” of the absolute units and which could, it was hoped, be 
experimentally reproduced with sufficient accuracy for measurement purposes. These 
units were defined by the resistance of a uniform column of mercury of specified length 
and mass, and by the current required for the deposition of silver at a specified rate 
from a silver nitrate solution. The units defined in terms of the “mercury’”’ ohm and 
the “silver” ampere could be established easily within a few hundredths of a per cent, 
but presently there was need for greater accuracy in measurements. Fortunately the 
techniques needed in absolute measurement also improved and it became possible to 
establish values of the electrical units within about 10 parts in a million by absolute 
methods. 

Accordingly, on Jan. 1, 1948, the “international” system of units was formally 
abandoned and the “absolute”? system was universally adopted. This required small 
changes in the values assigned to the various units, because of differences between 
the magnitudes of the “international” units last assigned in 1910 and the newly 
determined “absolute” units. Table 5c-1 may be used to compute the value in 
“absolute” units of any quantity that is known in the “international” units used in 
the United States. Corresponding tables based on the “international’’ units main- 
tained by other countries would be slightly different because each country maintained 
its own standards, and small differences developed over the years between the units 
of one country and another. 7 


TABLE 5c-1. Unrrep STATES VALUES 


1 international ohm = 1.000495 absolute ohms 
1 international volt = 1.000330 absolute volts 
1 international ampere = 0.999835 absolute ampere 
1 international coulomb = 0.999835 absolute coulomb 
‘1 international henry = 1.000495 absolute henrys 
1 international farad = 0.999505 absolute farad 
1 international watt = 1.000165 absolute watts 
1 international joule = 1.000165 absolute joules 


5c-3. Maintenance of the Electrical Units. The National Bureau of Standards in 
Washington, D.C., is assigned the task of maintaining the electrical units defined by 
an Act of Congress and used in science and technology in the United States. It also 
plays an active part in disseminating accurate values of the various electrical quantities 
by the measurement and certification of electrical standards belonging to other 
laboratories.! a 

The absolute measurements which are made to assign values to the ohm and the 
volt require much care and skill and are so time-consuming that they can be justified 
only at intervals of several years. In the intervals between absolute measurements, 
values of the ohm and volt are maintained by groups of wire-wound resistors and of 
standard cells. These groups constitute the primary electrical standards of the coun- 
try and, in effect, all values of the various electrical quantities are derived from them. 


1 This service is voluntary on the part of the organization requesting certification, as the 
bureau has no police powers. Also, with certain exceptions, a fee is charged covering the 
cost of certification.. 
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5c-4. Standards of Resistance. The primary standard of resistance in the United 
States is a group of ten 1-ohm resistors of special construction. The present group 
comprising the primary standard are of the Thomas! type, made in 1933. They were 
wound of No. 12 Awg manganin wire, vacuum annealed at 550°C, and sealed in air 
in double-walled containers. The individual members of the group are intercompared 
annually. The maximum net change in any member of the group, with respect to the 
group average, has been 3.7 parts per million and the average change 1.2 ppm during 
the 22 years (to 1955) that have elapsed since the group was set up. They can be 
intercompared or can be compared with other similar standards to about one part in 
10’, By suitable comparisons (successively in series and in parallel) ratios of resist- 
ance can be established to a few parts in 10’, and the primary group of standards can 
be used to extend the range of measurement to higher and lower values of resistance. 
Secondary standards of resistance can be calibrated (or assigned values) stepwise 
from the primary group up to a maximum of perhaps 1 megohm, and to a minimum 
of 10 microhms or less. Almost without exception manganin is used as the alloy in 
resistance standards, as sheet material for resistors of low value and wire for resistors 
of high value. Manganin has two advantages in this application: (1) its temperature 
coefficient of resistance at ordinary room temperatures is very low, a few parts in 10°, 
and (2) its thermal emf against copper is small, 2 to 3 wv per degree centigrade. 
Manganin is, however, a strain-sensitive material, and also it oxidizes to some extent 
at ordinary temperatures. Hence the stability of a resistance standard depends on its 
construction, the extent to which initial strains have been relieved by annealing, its 
freedom from strain in use, and its protection from air and moisture. These factors 
vary considerably for standards of various types and values. The construction used 
in the Thomas-type standards which make up the primary group probably represents 
the best approach yet made to the ideal: the complete elimination of initial strain by a 
high-temperature anneal; practically strain-free mounting in use; a reasonably large 
ratio of volume to surface area; and protection by sealing from atmospheric effects. 
The stability of these standards is better by a factor of 10 or even 100 times than that 
of the usual resistance standard. No general statement is possible concerning the 
stability of standards, except that those of higher value are usually less stable, because 
of both more unrelieved strain and more exposed surface area per unit volume of the 
material. | , 
5c-5. Standards of Electromotive Force. The primary standard consists of a 
group of 47 saturated cadmium (Weston) cells which are maintained at a temperature 
of 28°C, held constant to within 0.01°C. Of these cells, 33 are of the acid type, sul- 
furic acid being present in the electrolyte at a concentration of 0.03-0.05N. The 
remainder of the group are neutral in the sense that no acid has been added. The 
presence of acid prevents hydrolysis of the mercurous sulfate in the cell and decreases 
the solvent action of the electrolyte on the glass container. ‘Thus it contributes to the 
constancy of emf of the cell. However, the emf of an acid cell is lower than that of a 
neutral cell by an amount proportional to the concentration of the acid (30 wv for 0.05 
normal acid).?_ Of the cells which make up the primary standard, 12 have been in the 
group since 1906 and 2 since 1913. Of the remainder 7 made in 1932, and 26 made in 
1949 were added in 1955. New cells are made periodically, em ploying carefully puri- 
fied materials, and are used to supplement the primary group.? The cells of the 
primary standard are intercompared periodically and the group average is used as the 


1 Thomas, J. Research Natl. Bur. Standards 5, 295 (1930); 36, 107 (1946). 

2 The initial small decrease of emf usually observed in a neutral cell during the first few 
months after it is made is believed to result. from the formation of acid in the electrolyte. 

5 These supplementary groups are kept under the same conditions as the primary group 
and are regularly compared with them. Thus, if a cell in the primary group should fail, 
another cell having a known history of constancy could be used to replace it. 


5-108 ELECTRICITY AND MAGNETISM 


standard of emf. An international intercomparison made in’ 1955 indicated that, at 
that time, the United States standard differed by 0.7 uv from that maintained by the 
International Bureau of Weights and Measures at Sevres, France. 

Secondary standards of emf may be cadmium cells of either the saturated or unsatu- 
rated type. Most modern cells, both saturated and unsaturated, are of the “acid” 
type, containing sulfuric acid at a normality of about 0.05. Saturated cells maintain 
a more nearly constant emf over long periods of time than do unsaturated cells and are 
being used to an increasing extent as reference standards by many laboratories. The 
temperature coefficient of emf of the saturated cell is considerably larger than that 
of the unsaturated cell, and its temperature must be held constant to within about 
0.02°C if the emf is to be constant to 1 wv. Temperature control for saturated cells 
may be maintained by a thermostatically regulated oil bath or air bath. If oil 
is used it should be clear, of medium viscosity, acid-free, and without appreciable 
vapor pressure. An air bath for maintaining standard cells at a constant temperature! 
is used in a number of laboratories. It consists of a thick-walled aluminum box which 
is enclosed by and thermally insulated from a second aluminum box. | The outer box 
is again protected by thermal insulation and is maintained at a constant temperature 
somewhat above ambient (usually about 35°C + 0.01). Temperature fluctuations 
within the inner compartment are attenuated to less than 0.001°C.. The international 
formula (adopted in eee) relating the emf of a saturated cadmium cell to its tem- 
perature is 


E, = Ee — 0.000040 (¢ — 20) — 0.00000095(¢ — 20)? + 0.00000001(¢ — 20)8 


where E, is the emf at temperature ¢ and Ea is the emf at 20°C. This formula is 
stated to apply to either acid or neutral cells, and holds to within 1 pv. for temperatures 
between 0 and 40°C. 

Unsaturated cells (becoming saturated at 4°C) are sed almost universally as work- 
ing standards of emf in this country.?. Their temperature coefficient of emf (approxi- 
mately —5 pv /°C) is much lower than that of the saturated cell; and they will with- 
stand parcel-post or express shipment (the solid electrode material being held in. place 
by porous plugs) whereas saturated cells cannot be. shipped but must be hand-carried. 
However, the emf of unsaturated cells generally decreases with time, usually between 
50 and 100 uv per year, so that their life span is limited to about 10 years. Because 
of this change of emf with time, it is advisable that unsaturated cells be checked 
periodically against a stable standard. For accurate work they should be certified 
once a year, and discarded when their emf has dropped to 1.0183 volts. , 

Certain precautions should always be observed in using standard cells. 

1. They should be protected from large or sudden changes i in temperature, because 
of the large temporary change in emf that accompanies a sudden temperature change. 
This “hysteresis”? and the cell’s recovery time vary considerably, in different cells. 
Its cause is not understood, but there is evidence that the effect is larger in old than 
in new cells. 

2. Cells should not be exposed to nearby sources of heat that may produce tempera- 
ture inequalities i in the two limbs. This would cause a large change i in emf since the 
temperature coefficients of the individual electrodes are quite large (one. positive and 
one negative) and annul each other only if their temperatures are equal. Many cells 
are equipped with a copper-lined protective case to reduce temperature inequalities 
between the limbs. 

3. Temperatures above 40°C and below 4°C should ie avoided. The. 10. per eit 
amalgam generally used in cells solidifies at a temperature slightly aed this lower 


1 Mueller and Stimson, J. Research Natl. Bur. Standards. 13, 699 (1933). 
2 Saturated cells are used extensively for this purpose in Great Britain. 
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limit.and gives rise to abnormal changes in emf, while the cadmium sulfate has a transi- 
tion point only a little higher (at 43.6°C) than the recommended upper limit. The 
monohydrate formed at the transition temperature is undesirable and persists as a 
metastable form when the temperature is again lowered. : | ; , 

..4, The elements of a'cell should not. be exposed to strong light, as the mercurous 
sulfate is. photosensitive. Cells with exposed elements usually have a band of. black 
paint covering the mercurous sulfate layer. " : : . 

5. The internal resistance of a standard cell is about 500 ohms in the high-resistance 
type, and 100 ohms in the low-resistance type. The latter should be used with a 
deflection potentiometer. . Loss of sensitivity in potentiometer measurements, which 
is traced to the standard-cell circuit, may indicate the presence of a gas bubble forming 
in the negative limb of the cell. Such:a cell should be discarded. ety 

_ 6. Current drawn from a cell which is used as an emf standard should be kept small 
and should be drawn only for very short periods of time, a few seconds at most. 
Currents should never exceed 100 wa. A standard cell that has been short-circuited 
may be presumed to have been permanently damaged, and should be discarded. 
Laboratory conditions should be avoided which will result in moisture condensation 
on the cell case and a lowering of the insulation resistance between. terminals. 

4. Cells which have been shipped or otherwise roughly handled may not be depend- 
able. . A recovery period of a week should be allowed before the cell is used as a 
reference standard. . | | . a 7 | | , 

8. The emf of an unsaturated cell should be checked periodically. When it falls 
to 1.0183 the cell should be discarded, as it is no longer a reliable standard. | 
 6bc-6. Capacitance Standards. Capacitors whose values can be computed accu-~ 
rately from their measured dimensions are necessarily small, perhaps 150 picofarads! 
at most. Their geometry must be simple: concentric spheres, coaxial cylinders, or 
parallel plates. The dielectric is usually air. The problem is complicated by the 
fact that solid dielectric must be used to support one or. both electrodes of the system. 
The presence of solid. dielectric in the electric field of the capacitor precludes its exact 
computation and introduces losses so that the current does not lead the impressed 
voltage by exactly 90 deg in a-c applications. These complications can be largely 
avoided by appropriate design,. using a three-electrode guard-ring capacitor with the 
solid insulation so located that it is not exposed to the field of the working capacitor. 
The coplanarity of the guarded electrode with its guard ring is critical in a com- 
putable standard because a displacement of this electrode results in the exposure of a 
sharp edge with consequent. field concentration. Moon? has built a series of com- 
putable parailel-plate guard-ring capacitors in the range from 5 to 0.1 picofarads, and 


LA list of prefixes, sponsored by the International Union of Physics and approved by the 
International Electrotechnical ‘Commission (05-35-080 in IEC Publication 80), which 
represent the most common powers of 10 has been accepted in several countries and is used 
somewhat in the United States. The prefixes and the corresponding powers of 10 are 
given in the table below. , ; 


Prefix ._ |. Value. - Prefix ' Value — 
_ Tera............] 10! | Deci............! 1071 
| Giga... 2...) 10%) | Centi.... 2.2...) 107-2 
- ' Mega. .......-..)° 106 Milli. .2 bone wan s 1073 
WOU Gish hia 103 Micro.......... -| 1076 
Hecto........... 102, ¢]| Nano...........! 1079 
Deka........... 101 Pico... eed... |) 10712 


-2 Moon and Sparks,. J. Research Natl..Bur. Standards 41, 497 (1948). 
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has estimated that his accuracy was limited to 0.1 per cent for the 1-pf capacitor 
by the accuracy with which mechanical dimensions could be measured. Taking 
advantage of the fact that the field is concentrated at an exposed sharp edge, he also 
constructed a series of computable “guard-well”’ capacitors! in which the working 
electrode is recessed behind the plane of the guard ring. ‘In this construction the 
capacitance is a function of the depth of the recess, and the capacitance can be as 
small as desired while linear dimensions remain large enough for precise construction 
and measurement. Moon estimated that the uncertainty in his eee capacitors 
was 0.5 per cent at 0.01 pf and 2 per cent at 0.001 pf. 

Air capacitors consisting of groups of interleaved parallel plates have been built 
for use as secondary standards up to 0.01 yf; and adjustable air capacitors (up to 
about 103 pf) in which a group of movable parallel plates rotates with respect to a 
group of fixed interleaved parallel plates. The values of such capacitors can be 
determined stepwise by comparison with computable standards in a suitable capaci- 
tance bridge or may be determined in terms of resistance and frequency in a Maxwell 
bridge. ‘The losses (and hence the phase-defect: angles), which are always small in 
such capacitors, depend largely on the extent to which solid dielectric is present in the 
working field, and to a very much lesser extent? on the presence of surface films on the 
electrodes. The accuracy of adjustable air capacitors depends on the closeness with 
which the angular position of the movable plates with respect to the fixed plates can 
be set and reproduced, and on the quality of ane peannee on which ne electra 
system rotates. 

Solid-dielectric capacitors, in which thin mica sheets are interleaved with metal 
foil, are used as working standards up to about 1 wf. The assembly is impregnated 
with wax to eliminate voids and air pockets and is compressed through massive end 
plates to squeeze out excess wax. The quality and constancy of such a standard 
depends critically on the construction, being a function of the assembly pressure as 
well as the quality of the mica. Absorption and losses are always present in such 
capacitors. The phase-defect angles of the best mica capacitors may amount to | to 
2 minutes throughout the audio-frequency range, and their capacitance values may be 
expected to remain constant within 0.01 or 0.02 per cent over a period of many years. 
Mica is the only solid dielectric material that has been successfully used in standard 
capacitors. : 

5c-7. Inductance Standards. Self and mutual inductors, whose fates may be 
computed from measured dimensions, have been built at the National Bureau of 
Standards and at other national laboratories for use in absolute-ohm measurements. 
Computable self-inductors are single-layer solenoids wound on marble, porcelain, 
low-expansion-glass, or fused-silica forms. In some instances an accurate screw 
thread has been cut into the cylindrical form to control the spacing of the winding.® 
Computable mutual inductors have been built following a design of Campbell‘ or 
Wenner’s modification’ of it. In each of these designs the primary consists of single- 
layer helical windings on a marble or porcelain cylinder, the sections of the winding 
being spaced in such a way that a relatively large annular space is available around 
the central portion of the cylinder, within which the field is very small. The multi- 
layer secondary winding is located in this space, and since the field is small, the exact 
location of the secondary becomes relatively less critical. Such mutual inductors can 
be computed as accurately as can the self-inductance standards. However, both 
types of inductor, apart from being very difficult and expensive to build and compute, 


1 Snow, J. Research Nail. Bur. Standards 42, 287. (1949). 
2 Koops, Philips Tech. Rev. 5, 300 (1940). 

3 Curtis, Moon, and Sparks, J. Research Natl. Bur. Standards 21, 371 (1938). 
4 Campbell, Proc. Roy. Soc. (London), ser. A, 79, 428 (1907). 


5 Thomas, Peterson, Cooter, and Kotter, J. Research Nail. Bur. Standards 43, 325 (1949). 
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have relatively low time constants and are not generally useful for work outside the 
special field (absolute measurements) for which they are designed. : 

Self-inductance standards for laboratory work are usually multilayer coils of such 
shape that their inductance is maximum for a given size and length of wire.! Their 
accurate computation from measured dimensions is not possible and their values are 
usually established from electrical measurements in terms of other inductors, or 4 
combination of resistance and capacitance. Laboratory mutual inductors also are 
usually designed to achieve 'a maximum time constant. 

Higher inductance in a given volume or with a given amount of copper can be 
obtained if the winding is on a core of high-permeability material. Special ferro- 
magnetic alloys are used for this purpose in sheet or strip form, or as a bonded granular 
or powder material. The gain in time constant is achieved at the expense of some 
nonlinearity in the inductor, since the permeability of the core is a function of the cur- 
rent in the winding. Also increased losses are to be expected from eddy currents and 
from hysteresis in the iron. By proper construction and the use of suitable core 
materials, these defects can be kept small, so that “iron-cored”’ inductance standards 
of moderate accuracy and stability are practicable. 

Inductors wound as multilayer cylindrical coils of rectangular cross section, to 
achieve maximum time constant, set up an external field and, conversely, are subject 
to “pickup” from stray fields in which they are placed. These effects are considerably 
reduced by dividing the coil into two equal sections wound in opposite directions so 
that the emfs induced in them by a changing external field tend to cancel. Such an 
arrangement is called astatic. A much greater degree of astaticism is attained when 
the coil is toroidal, with the winding uniformly distributed around the torus. . 

Adjustable standards of self and mutual inductance are of two general kinds: the 
cross-coil type, in which the plane of a movable coil is turned to make various angles 
with the plane of the fixed coil; and the parallel-coil type, in which the plane of the 
movable coil is always parallel to the plane of the fixed coil. A familiar example of the 
cross-coil type is the Ayrton and Perry inductometer, in which the fixed and movable 
coils are zones of concentric spheres, with the movable coil pivoted on the common 
polar axis. Probably the best example of the parallel-coil type is the Brooks induc- 
tometer with three pairs of link-shaped coils, designed to provide a uniform scale over 
most of its range. The coil dimensions are such that, at the maximum reading, the 
conditions for maximum time constané are approximately met. Also, the system is 
arranged to be nearly astatic. The rotor, holding the movable pair of coils, turns on 
a shaft between pairs of fixed parallel coils. The coils are all connected in series when 
the instrument is used as a self-inductor, and for use as a mutual inductor the circuits 
of the fixed and movable coils are separated. 

All inductors are to some extent frequency-sensitive as a result of distributed self- 
capacitance, eddy currents, and imperfect insulation between turns and layers of the 
winding. The effect of distributed capacitance is to increase both the effective 
resistance and inductance above their low-frequency values. At values well below 
resonance the following formulas hold approximately: 


Rett = Ro(l + 20*%LoC) and — Lew = Lo(l + w*LC) 


where Ro and Ly are the values at zero frequency, and C is the equivalent capacitance 
considered to be connected across the terminals of the inductor. The effect of eddy 
currents is to increase the effective resistance and to decrease the effective inductance 
in accordance with the following formulas: 


M2 pw? M22 
Rete = Ry + 3? + Pot and Lette = Lo — a? + [ot 


1 Brooks, J. Research Natl. Bur. Standards 7, 293 (1931). 
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where. p.and I are, respectively, the equivalent resistance and self-inductance of the 
eddy-current circuit, and M is its coupling with the inductor. The effect of imperfect 
insulation (equivalent to a shunt resistance across the terminals of the inductor) is to 
decrease the effective inductance. However, it may increase or decrease the effective 
resistance! depending on conditions. If the leakage resistance p is very high compared 
with the coil resistance, the following formulas hold: | 


- wi So - | 
Lette = Lo € _ =) ands Rese = Ro(4 ae _) 


p> Rop 


It must be borne in mind that p is the a-c resistance of the insulation and therefore 
may itself be a function of frequency. | - 7 | 
' Be-8. Frequency Standards. All standards of frequency are derived from the 
standard of time, the second, which is derived in turn from the motion of the earth. 
The standard second is the 1/86,400 part of a mean solar day, the average interval 
(throughout the year) between passages of the sun through a given meridian. The 
United States Naval Observatory checks and regulates the standard of time from 
observations of the passage of fixed stars through the vertical meridian. | | 

The primary standard of frequency is a 100-ke quartz-crystal oscillator maintained 
under constant temperature and pressure conditions by the National Bureau of Stand- 
ards. “It is checked for constancy by using it to operate a clock that is compared with 
Naval Observatory time. A large numberof frequencies are obtained from this 
erystal through multiplier and divider circuits. Standard frequencies, monitored 
against the primary standard, are continuously broadcast from the NBS radio 
transmitter WWV at Beltsville, Md., near Washington, D.C.2. These frequencies 
include 2:5, 5, 10, 15, and 25 Mc/sec, each modulated at 440 cps (A above middle C 
on the international musical scale) or at 600 cps. These audio frequencies are given 
in alternate 5-min periods. In addition, second signals are given on each carrier 
frequency, consisting of a 5-cycle pulse at a frequency of ike. This pulse is omitted 
at the beginning of the last second of each minute. ‘The second signals are accurate 
to 1 psec, and the standard frequencies (including the audio frequencies) to 1 part in 
50 million. — oes OT _ = | 
~ Quartz crystals are used in vast numbers to control the frequencies of oscillators 
throughout much of the radio spectrum, in both measurement and communication 
applications. Their constancy depends on the’closeness with which their temperature 
and pressure are controlled. aan é 

‘Tuning forks may be used as laboratory standards at power and audio frequencies. 
A precision fork, operating at a constant temperature, may have a frequency that is 
stable to 10 ppm and, when corrected for barometric pressure, to 1 ppm. A battery- 
driven fork without temperature control may have a temperature coefficient less than 
—0.015 per cent /°C, and a voltage coefficient less than 0.01 per cent/volt. It should 
provide a frequency known to better than 0.1 per cent under any specified laboratory 
condition. =  ° oi So Sern ple = 

The frequency of 60-cps power in most localities affords a convenient reference point. 
However, even where power is supplied from a network that includes generating sta- 


-1Campbell and Childs, ‘‘ Measurement of Inductance, Capacitance, and Frequency,”’ 
p. 191, D. Van Nostrand Company, Inc., New York, 1935. _ an 
2 Standard frequencies and time signals are also broadcast fromthe bureau’s auxiliary | 
station WWVH in. Hawaii. Signals either from Beltsville or from Hawaii can usually be 
received anywhere in the world. | | | Sg a | 

3 This is the error in transmission. The error in reception may amount instantaneously 
to as much as 1 ppm as a result of motions of reflecting layers of the ionosphere. The 
standard oscillators by which the broadcast frequencies are monitored are themselves 
accurate to 3 parts in 10°, actually more nearly constant than the rate of rotation of the 


earth itself. 
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tions over an area of many hundreds of square miles, the frequency is not continuously 
held precisely to'60 cps. It may depart by-as much‘as 0.1 or 0.2 cps, occasionally 
even more. Also the frequency can be corrected only very slowly because of the large 
inertia of the system, perhaps as much as half an hour being required. - The average 
frequency will be very close to 60 cps over an extended time period and synchronous 
clocks will usually keep time within a few seconds. However, a commercial power 
source cannot be reliably employed as a frequency standard to much better than 
1 per cent. | 

5c-9. Deflecting Instruments. Instruments customarily used for the measurement 
of current, voltage, or power are made in a number of accuracy classes. The best 
grades, called “laboratory standards” may be in the yy (or yg) per cent class, meaning 
that, over the useful part of the scale, no marked point is in error by more than to (or 
zo) per cent of the full-scale value. . These are large instruments and must be care- 
fully leveled to ensure good performance.’ Smaller portable instruments are made in 
accuracy classes of 0.2, 0.5, and + per cent. The class of an instrument is usually 
stated in the maker’s catalogue. Switchboard instruments are generally in a 1 per 
cent class, and panel instruments in the 1, 2, or even 5 per cent class. D-c ammeters 
and voltmeters are almost universally permanént-magnet moving-coil instruments, 
while the construction of a-c instruments depends on the intended application. 
Moving-iron or electrodynamic instruments. are used at power frequencies and, if 
suitably compensated, in the lower audio-frequency range. Thermocouple ammeters 
are useful from low frequencies up to many megacycles per second, while thermocouple 
voltmeters are generally applicable only at power and audio frequencies unless they 
have special multipliers designed for high-frequency operation. Eleétrostatic volt- 
meters have no frequency limitations other than that imposed by low impedance at 
very high frequencies, and many vacuum-tube voltmeters are designed to operate 
from power frequencies up to many megacycles per second without serious error. | 
_ Depending on operating principle and construction, deflecting instruments ‘are 
subject to errors of various types: temperature, magnetic field, frequency, waveform; 
spring hysteresis, use in other than the intended position, and others.! - 
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5d-1. Dielectric Constants of Crystalline Solids. Crystalline solids are divided 
into inorganic (Table 5d-1) and organic (Table 5d-2) groups. Compounds are listed 
alphabetically in the first column and the chemical formula is given in the second. 
The column headed mp, °C under Organic Solids gives the melting point in degrees 
centigrade. The columns headed é, °C give the temperature of the measurements in 
degrees centigrade, the columns headed »~/sec give the frequency of the measurement 
in cycles per second, the columns headed e/e, gives the dielectric constant (relative 
capacitivity) and the final columns the reference to the source of the information. 

Figures 5d-1 and 5d-2, taken from ref. 21.2, display data for typical crystalline solids 
whose molecules can rotate in the solid state above a transition temperature. High 
values of dielectric constant are thus observed for polar compounds in a certain range 
of temperatures. Below the transition point the dielectric constant decreases to 
approximately the same value for each substance and is typical of most organic solids 
where dipole rotation is impossible. For one type of compound, illustrated by 
camphor and its derivatives, this decrease is sharp and independent of frequency. 
For the other type, illustrated by the hexachlorobenzenes, this decrease is gradual and 
frequency-dependent. Other examples of this behavior will be found in refs. 21.2, and 
32 through 42 on page 5-119. | 


1 Dielectric constants of crystalline solids. 
2 Dielectric constants of amorphous solids and of gases. 
3 Dielectric constants of pure liquids. 


4 Piezoelectric and pyroelectric constants, ferroelectric and antiferroelectric properties. 
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TABLE 5d-1. INoRGANIC SOLIDS—-CRYSTALLINE 


Name Formula t, °C v~/sec €/€v Ref.* 
Alums: 
Ammonium alum.................... AI(NH,4)(SO4)2°12H20 r.t. 1012 6 18 
Cesium alum................0.00. 005 CsAl(SO«)2-12H20 eleeacie 1012 5.0 {18 
Potassium alum..................... KAI(SO4)212H20 ss‘... aud. 6.5 5 
Rubidium alum...................... RbAI(SO4)212H20 —sd|s«Cwdw ss. 1012 5.1 18 
Rubidium chrome alum...............| RbCr(SO4)212H2O 3=—ssd| ~.......... 1012 5.0 18 
Aluminum phosphate................... AIPO, r.t. 103 6.05 | 21 © 
Ammonium bromide............ ae er NHaBr r.t. 1012 7.3 18 
Ammonium chloride.................... NH.Cl ort. 2 X 108 6.96 | 13 
Ammonium tartrate.................... (NHa)2(C4H40c¢) r.t. 103 6.45 | 21 
Barium carbonate...................... BaCQ3; 18 . 2X 105 8.53 | 27 
Barium chloride.....................-.. BaCl j= = |f...... acddisa, |) site naceevaa Gt le 9.81 | 15 
Barium chloride dihydrate.............. BaCle2H2O sg. eee | eee eee eee ee 9.00 | 15 
Barium fluoride......................0- BaF2 | ......... 2X 108 7.33 | 13 
Barium formate.....................-. Ba(COOH): r.t. 108 7.9 21 
Barium nitrate....................- -...| Ba(NOs)e 19 2X 105 4.95 | 27 
Barium oxide....................-.00-. BaO —25 to 60 | 60~ to6 X 107) 34 1 
Barium peroxide....................... BaQe r.t. 2X 106 10.7 11 
Barium sulfate... .. ibis ee ne Sahl ais thee Race BaSO. - 15 108 11.4 
Beryllium carbonate................... BeCO; 18 2X 105 9.7 27 
Beryllium oxide....................... BeO 18 2X 106 7.35 | 13 
Bismuth trioxide....................... Bi2Os r.t. 2X 106 18.2 11 
Cadmium bromide..................... CdBre | 20 5 X 105 8.6 -|8 
Cadmium malonate.................... Cd(C3H204) 20 5 X 105 4.5. |8 
Calcium carbonate..................... CaCOs 18 2x 105 9.15. | 27 
Calcium fluoride....................... CaFo | .iiieeee 105 6.76 | 14, 18, 24, 25 
aud. 6.85 | 5, 23, 28, 22 
Calcium nitrate...................:....| Ca(NOs)2 19 2X 106 6.54 | 27 
Calcium oxide......................0.. CaO 10 2 X 106 11.8 13 
Cerle 0X10 3.5. noociteciwasedee et CeQz2 r.t. 2X106 |. 7.0 j} 11 
Cesium bromide......................- CsBr sd eee ee 2X 106 6.51 | 13 
Cesium carbonate...................... Cs2COs 18 2X 105 6.53 | 27 
Cesium chloride....................... CsCl 19 2X 105 6.34 | 27 
Cesium iodide......................... CsI 25 1X 106° 5.65 1.13, 12 
Chromic oxide......................005 Cr203 r.t. 2X 106 12.0 11 
Cupric oxide.....................5....{ CuO Le 2X 106 18.1 11 
Cupric sulfate pentahydrate............. CuSOv5H2O isd... | wee ee eee 6.60 | 15 
Cuprous bromide...................... CuBr 20 5 X 105 8.0 8 
Cuprous chloride...................... CuCl 20 5 X 105 10.0 8, 13 
Cuprous oxide...................00000 Cu.0 r.t. 2X 106 12.0 11 
Dextrose sodium bromide............. -..|]CeHiwOseNaBr $||......... 108 4.0 21 
Dis MONG 195 ha Beles es Kl Seek So, one Oe ae eee ree 5.5 |26.1. 
Ferrous oxide......................... FeO r.t 2 X 106 14.2 11 
LOdIG BCI 2a cass Phe hk real eee BAS gawk HIO; ss eee. 103 7.5 21 
TOO fs hot 6 Rane uae Mok « Io t—t—“t‘«‘ eee 108 4.0 
Lead acetate..........0.......0000000ee Pb(C2H302)2 17~22 106 2.6 
Lead bromide......................... PbBr2 20 0.5~-3 & 106 >30 |8 
Lead carbonate........................ PbCOs 15 108 18.6 
Lead chloride.....................0.05. PbCl. 20 0.5-3 X 106 33.5 8 
Lead iodide...................... goat PbIe 29 0.5-3 X 106 20.8 -}8 |: 
Lead molybdate (wulfenite)............ PbMoQ, 3 =———sis 3 xX 108 26.8{| | 26.1. 
Lead nitrate........... 00... ..00 cece eee Po(NOs)2 sds de , 0.5-3 & 106 16.8 |8 
Lead oxide....0......0..0.cececeee eee. PbO rt. | 2108 25.9 | il 
Lead sulfate...................0..0005. PbSO. 17-22 106 14.3 
Lithium bromide....................... Tree 8B F8 eA as 2X 106 12.1. {138 
Lithium chloride....................... HCl — eee 2X 106 11.05 {8. 


Lithium carbonate..................... LieCQ3 18 2X 105 4.9 |27 
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TABLE 5d-1. INoRGANIc SoLiIpS—CRYSTALLINE (Continued) 


ener e TTR ACR ee 


Name Formula t, °C y~/sec €/€v Ref.* 
Lithium fluoride............ cee eee eee LiF 20 106 9.27 | 13 
25 102-107 9.00 | 31 
80 102-107 9.11 {31 
Lithium iodide.................- otaad ME. 2 ti“(i‘“‘“‘t‘“C eck 2X 106 11.03 | 13. 
Lithium sulfate monohydrate............ LiSOQ¢H2O 8 ~=>~=_ | ......... ees 103 5.6 21 
Lithium trisodium chromate......:...... LiNasCrO«6H20. 38 | ...... ie 103 8.0 {21 
Lithium trisodium molybdate........... LiNasMoO.°6H20 sete A A 103 ~8.10=«- 4 21 
Magnesium carbonate........ eR eee MgCOs 18 2X 105 8.1 27. . 
Magnesium malonate...............-+6- | Mg(C3sH204) 20° 5 X 105 5.8 8 
Magnesium oxalate...........---25-06- Mg(C20,) 20 © 5 X 105 5.2 8 
Magnesium oxide............ se cieenee et MgO 25 102-108 9.65 |31 
Magnesium sulfate............----+-405 MgSO. 20 5 X 105 8.2 -|8 
Magnesium sulfate heptahydrate........ MgS0.°7H20 Ts ere nr ee  §.46 115 
Mercuric chloride...............-20005- HeCl “Vagancueied 1012 6.5 18 
Mercurous chloride............-- Pherae HgCi steep ahe hace 1012 14.01 | 18 
Mica—ruby, muscovite.......... Re eee here ree re 26 102-3 < 10° 5.4 31 
Mica——Canadian..............-- ok ach eal SB bs eto ane Nib See 25 102-104 6.91 | 31 
7 ar) ae 104 7.3|| | 31 
Nickel sulfate hexahydrate...........--. NiSOQv6H20 = | ...-...- : 103 6.2 | 21 
Phosphorus, red... .. Pena cesta se sade Zod P sc chai abe 108 4.1 
Yellow....... Tn ree ee re en ee rae as mer ay 108 3.6 26.1 
Potassium bromate............ taal a he KBrO3 r.t. 2X 106 7.3 29 
Potassium bromide...........- oo anstacus KBr rte. | 2X 106 4.78 | 13 
Potassium carbonate...:..... oe ee K2COs 18 2X 105 4.96 | 27 
Potassium chlorate........... spunea KC10s r.t. 2X 106 5.1 .| 29 
Potassium thloride.................005- KCl 29.5 106 4.64 | 12 
us 3 80 106 4.80 | 12 
Potassium chromate...........6.0.ee eee KeCrO« needs 6 < 107 7.3 
Potassium cyanide............- oda KCN r.t. 2X 106 6.15 | 29 
Potassium dihydrogen arsenate...... ....| KHeAsOe r.t. 2X 106 31 29 
Potassium dihydrogen phosphate........ KH2POs 2 tsi: ns: Sze 108 46 21 
Potassium fluoride............. Dates ares KF pate eke 2X 108 6.05 | 13 
Potassium iodate............00. eee e ees KIOs P.toe 2X 106 16.85 | 29 
Potassium iodide...........-- teen ee KI ee 2X 106 4.94 | 13 
Potassium nitrate...........6 cee eee eens KNOs 20 2X 105 4.37 |. 27. 
Potassium perchlorate.............2+-+- KC10. r.t. 2X 106 5.9 29 
Potassium orthophosphate.............. KsPO. vacits 2X 106 7.75 | 29° 
Potassium monohydrogen orthophosphate | KeHPO« rte 2 X 106 9.05 | 29 
Potassium dihydrogen orthophosphate. ..| KH2PO« rt. 2X 106 >31 | 29 
Potassium sulfate...........--000eeeee K2SOu r.t. 2X 106 6.4 29 
Potassium thiocyanate............--.-- KSCN rs 2 Fenee 2X 106 7.9 |29- 
Rubidium bromide.:...........-...+6+- RbBr Deh aaeael 2X 106 5.0 13 
Rubidium carbonate..............--5+- Rb2oCOs 19 2X 108 6.73 | 27 
Rubidium chloride................---5. RbCL | .eeeeees s 2X 106 5.0 13 
Rubidium fluoride...........-....00065 RBF ‘(lhastesenrese 2X 106 5.91 | 13 
Rubidium iodide. ...........-.-0000 000s RbuI sisi eee 3 2 x 105 5.0 13 
Selenium........ Setaane ieee ee ree Se 25 | 3 X 108 11.0 {31 - 
25° 3 X 109 10.4 31 
25 2X 1010 7.5 31 
Selenium, amorphous............ eae Se 25° 102-1019 6.00 | 31 
Silver bromide.................06- ....-| AgBr | 1 aetia terete 2X 106 13.1 13, 8 
Silver chloride..............252055 ital g AgClL —-—_—_— | eee ie 2 X 106 12.3 13, 8 
Silver cyanide.........--.-0eeeeee ee ees AgCN —_—_ ss na eee ees 106 5.6 
Silver nitrate.............0- eee eee eee AgNO 20 5 X 105 9.0 8 
Sodium ammonium tartrate tetrahydrate. NaNHa(CsHi0e)°4H2O | ......... 103 9.0 21 
Sodium bromide........ lnc e ue ete NaBr ee ee ee eee 2X 106 §.99 | 13 
Sodium carbonate............ Ore rons Na2COs 18 2 X 105 8.75 | 27 


Sodium carbonate decahydrate.........- Na:CO:°10H20 ssw we ee ee ee 6 X 107 5.3 | 15 
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TABLE 5d-1. INoreanic SoLips—CrystTALLINE (Continued) 


Name Formula 
Sodium chlorate....................-.. NaCloO; . 
Sodium chloride....................... NaCl 
Sodium cyanide........... Ee cccenahsotehuia ie NaCN 
Sodium fluoride........................ NaF 
Sodium iodide...............0....00003 Nal 
Sodium nitrate.....................05- NaNO; 
Sodium perchlorate.................... NaClOu 
Sodium sulfate...........0........0005 NaeSQu 
Sodium sulfate decahydrate............. Na2S0.-10H20 
Strontium carbonate................... SrCO; 
Strontium chloride..................... SrCle 
Strontium chloride hexahydrate......... SrCle-6H20 
Strontium fluoride..................... SrF2 
Strontium formate dihydrate ........... | Sr(COOH)2:2H20 
Strontium nitrate......................| Sr(NOs)2 
Strontium oxide................0..000. SrO 
Sulfur (100)............ 00... cece wees 8 
OVO) 9 o.isssiisd ack Sect at a a0. Beteve dag Strate a ae ean henna oct 
OOD) ease he ceeaie ah tae ek are als Mat Rea ty ll 
BUDNINOE oyasiect once he Sie Ooo he Gel aga dweld aedtuaunees 
Tantalum oxide....................-5. Ta2Os 
Thallous bromide...................... TIBr 
Thallous chloride...................... | TIC 
Thallous iodide.....................0.. TII 
Thallous nitrate....................05. TINO; 
_Thallous sulfate....................... T12SO. 
Thorium oxide...................0000- ThOs 
Zinc malonate........... eee ers eae -Zn(CsH20.) 
Zine sulfide.............. 0. cece ween ZnS 
ZrOe2 


* References are on p. 5-119. 


t, °C p~/sec €/€v Ref.* 
cieatoneael Mt See taes Bitte 5.28 | 16 
20 2X 106 5.62 | 13 
25 102-107 5.9 31 
85 104-107 5.98 | 31 
20 105 7.55 | 32 
19 2 X 106 6.0 13 
ahaa tts 2 X 106 6.60 | 13 
19 2 X 105 6.85 | 27 
bP grddontes 103 5.76 | 21 
Phacacnde ar, |) 4 hemeund views 7.90 {15 
Kariba astnntaj |i vennetuaet snes tase 5.0 15 
18 2 X 105 8.85 | 27 
setivaiiue. | awe coe Reeds 9.19 | 15 
Sieurea AN Tasca dau eis oS og 8.52 |15 
eaeeeens 2X 106 7.69 | 13 
tale at se id 108 6.1 21 
19 2 X 105 5.33 | 27 
er ee ae 2 X 106 13.3 13 
25 102-103 3.75 | 31 
25 102-108 3.95. | 31° 
25 102-103 4.44 | 31 
25 102-108 3.69 | 31 
r.t. 2 X 106 11.6 11 
25 103-107 30.3 31 
oleae 2X 106 ~ 31.9 13 
25 103-107 21.8. | 31 
193 107 37.3 31 
20 5 X 105 16.5 8. 
20 5 X 105 25.5 8. 
r.t. 2 X 106 10.6 11 
20 5 X 105 5.6 
Rape asad 1012 8.2 19 
r.t. 2X 106 12.5 11 
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TABLE 5d-2. ORGANIC SOLIDS—CRYSTALLINE 


Name Formula 


Acetoxime.... 0... ee ee eee C3H:iNO 


3. 
p-Amino benzoic acid............... C7;H:NO2 3. 
6. 
Anetholesicccsce ices Ses 5 le eww RE Ci0Hi20 3. 
Benzamide...... a ee eee ee ee a C:H:NO 3. 
Benzaphenone..........-....-+.+4- CisHi00 3. 
Benzene...... We ans hod Gti sO inde CeHe 2; 
Benzene hexachloride............... CeHeCle oe 
BOrneol ios ke Aho Sk OS BLA C10H1:0 2 
3. 
d-Camphene..............:.200005- CioHie 2. 
d-Camphoress vicaves dens hee hat S48 Ci0HicO 11. 
i-Camphorss coi eens Boe eee es CioHicO 105 11. 
dl-Camphor....... Meee na hese dice aa CioHicO 105 10. 
Carbon tetrachloride............... CCli ; ‘ 105 2. 
Chloroform...........-.+.. Bogie qoutes axe CHCl; : 105 2. 
Cholestrols 4.22200224064 sawn ees. Co7H1cO : 105 2. 
Cyclohexanol...........-..0-0-00--[ CeH120 105 16. 
Cyclohexyl adipate................. CisH 3004 : 105 2. 
Dibenzy).2s60.5 eee ns ees Secs CisHi4 ; 105 2. 
p-Dichlorobenzene..........---.5-. CeHsCle 105 2. 
1,4-Bromochloronaphthalene......... CioHeBrCl 105 2. 
2,3-Dichlorodioxane................ CroHeCle 105 3. 
1,2-Dichloronaphthalene............ CioHcCle 105 2. 
1,5-Dichloronaphthalene............ CioHcCle 105 2. 
2,6-Dichloronaphthalene............ CaH6O2Cle 105 2 
o-Dinitrobenzene........-.....0.0.0- CeHsN20,4 : 105 3. 
Dioxane........ ee a ee See C41H:02 105 2. 
Ethylene bromide.................. C2HuBre 105 2. 
Ethylene chloride.................. C2H.Cle . 105 4. 
Ethylene cyanide.................. CsHiNe : 105 5. 
Ethylene diamine...........-...... CoHsNe , 105 5. 
Ethylene iodide.................... CeHale 105 3. 
Ethylene thiocyanate............... C2H«(SCN)2 : 105 3. 
B-Fluoronaphthalene................ CioH7F 105 3. 
Naphthalene............--.+...... CioHs : 103-3 * 10° 2. 
Nonachlorobiphenyl................ CizHCle 102-107 2. 
Pentachlorobenzene................- CeHCls 105 3. 
Pentaerythritol..................-- CsHi204 105 2. 
Phenanthraquinone................. CisHsO2 105 3. 
Phenyl urethane............-.....-. CoHiNO2 : 105 2. 
QuiInONn 6 sig fA 6s ace Relea Sh eS CeH.i02 ‘ 105 2. 
Succinie acid mins cs caus ee ees eee es C4H6O. 105 2. 
Tartaric acid........... e008 see eees C4HsO6 105 6. 
103 9. 
o-Terphenylis do) 44 cas eases peas CisHi4 102-107 2. 
m- Terpheny cine hte Bee be ae CisHs 103-109 2. 
p-Lerpuen y lias coda Sows Rares aes CisHius 3 X 109 2. 
Thiocamphor....:..-..-+sseeeeeeee CioHieS 105 9.7 
o,p-Toluene sulfonamide............ C7H:0;:S 2.5 X 1019 3. 
Tri-o-cresyl phosphate.............- C21H2104P 105 3. 
Tri-m-cresyl phosphate............. C21H2104P 105 3. 
Tri-p-cresyl phosphate.............. Ceoi1H2104P rane 105 2s 
Triphenyl phosphate............... CisH1504P ; 105 2% 


* References are on p. 5-119. 
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5d-2. Dielectric Properties of Amorphous Solids 


TaBLE 5d-3. D1IELEcTRIC PROP 
(Values for tan 6 are multiplied 


' Frequency 


Ceramic 


: 5 


Steatite bodies: 
AlSiMag A-35! 


AlSiMag A-196! 


~ AlSiMag 2111" 
AlSiMag 228! 
Steatite type 3022 . 
Steatite body’ 72928 
_ Crolite No. 298 


Forsterite bodies: 
AlSiMag 243! 


Titania and titanate bodies: 
Ceramic NPOT 96! 


adsSpane 


: Ceramic N750T96! 


— 
wo 


Ceramic N1400T110! 


| Body T106! 


pws 
oS. 
“10 


Porcelains: 
Zircon porcelain Zi-45 


Electrical porcelain, wet 
process® 

Electrical porcelain, dry 
process® 

Coors AI-200—high alumina 


Porcelain No. 4462—high 
alumina? 
Coors AB-2—high alumina’ 


AlSiMag 491—high alumina! . | = ‘ : a 


Manufactured by: 
1. American Lava. 
-2, Centralab. 
3. General Ceramics and Steatite. 
4. Crowley. 
5. Coors. 
6. Knox. 
7. Frenchtown Porcelain. 
* Data taken from Tables of Dielectric Materials, vol. IV, Laboratory. for Insulation Rasearoli: MIT Technical Report 57; 
and Chart 501, American Lava Co. 
} Frequency = 1 X 10°. 
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ERTIES OF SELECTED CERAMICS* 
by 104; frequency given in cps) 
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2.1 X 1012 

1.0 X 108 

3.0 X 1018 
> 1014 
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5.0 X 1018 


7X 10% 


9 X 1018 


>1014 


-2.3 X 104: 


1.8 X 108 


5.0 X 108. 


1.0 X 108. 


6.2 < 108 


7.0 X 108 


3.0 X 105 


4.0 X 108 


3.0 X 108 


8.0 X 104 
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DIELECTRIC CONSTANT 


4022 2u242U0n 
—— 

0 Led eect: ect a ad 
-120 ~80 -40 0 40 80 200 240 

TEMPERATURE IN DEGREES CENTIGRADE 

Fie. 5d-1. Dielectric constant of camphor (1), chlorocamphor (2), nitrocamphor (3), 
cyanocamphor (4), camphor quinone (5), and camphorie anhydride (6). Heavy arrow 
indicates the melting point; values are independent of. frequency below 100 ke (see ref. 
21.2). a a _ . on 
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| C1 CH3 CH3 CH3 Cl cl Cl Cl 
| Cl Cl CHs CH Cl Cl 


. CH3 Cl , CH3 CH3 
P CH3 CH3 
~120 © - 80 ~40 0 40 + + 7&32&« 8&0 120 160 200 


; TEMPERATURE IN DEGREES CENTIGRADE 
Fig. 5d-2. Dielectric constant of polar hexa-substituted chloromethylbenzenes at 100 kc. 
(1) dichlorophrenitene, (2) trichlorohemimellitene, (3) tetrachloro-o-xylene, (4) trichloro- 
pseudocumene, (5) pentamethylchlorobenzene, (6) tetrachloro-m-xylene, (7) pentachloro- 
toluene (see ref. 33). : 
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* Compiled by R. L. Sproull. 


References for Table 5d-6 


. Briggs, H. B.: Phys. Rev. 71, 287 (1950). 

. Schmidt, W.: Ann. Physik 9, 919 (1902); 11, 114. (1903). 

Kroger, F. A., and H. J. Vink: Philips, Eindhoven. 

. Hohendahl, K.: Kgl. Danske Videnskab. Selskab, Mat.-fys. M edd. 16 (2) (1938). 
Bever, R. S., and R. L. Sproull: Phys. Rev. 83, 801 (1951). 

Oswald, F.: Z. Naturforsch. 9a, 181 (1954). 

. Briggs, ‘A. B., R. F. Cummings, H. J. FrosOer and M. Tanenbaum: Phys. Rev. 
93, 912, (1954). : 7 


5d-3: Dielectric Constante’ of Pure Liquids. The data in Table 5d-7 have been 
selected from A. A. Maryott and E. R. Smith, Table of Dielectric Constants) of Pure 
Liquids, National Bureau of Standards Circular 514. 7 

Compounds are listed in alphabetical order, “Empirical chemieal formulas are — 
given in the. second column,. Dielectric constants (e/ev). listed in the third column are 
“static”? values. or limiting values at low. frequencies. ‘unless otherwise noted. Tem- 
peratures in column 4 are given in degrees centigrade. | In the fifth column the tem- 
perature coefficients a = —d(e/er) /dtand a = —d(ogio e/ ev) / dt. Column 6 indicates 
the temperature range in which these coefficients apply. Footnotes: pertaining to 
the organic compounds are given at the end of the table,. and these are. followed by 
literature seca which are listed in the last column of the tables. 


SO 


| Tasie 5d-7. STANDARD Liquips* 


e/ey [ev 


be a ae | Formula, 20°C. | asec | oF a) 
“Benzene oe : cee fate, CoH. 2.284 | 2.274 é 0.0020, i 
Cyclohexane.:........| CeHie | 2.023 |. 2.015 |; 0.0016." 

Chlorobenzene........ C.H;Cl 5.708 5.621 0.00133 (a) 


* These liquids are recommended as reference standards. They may be used to calibrate dielectric 
measuring cells. 
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ee nT NE oe 


Compound Formula 
Ammonia........... NH: 
ATPON cis wee hae os A 
Bromine............ Bre 
Carbon dioxide...... CO: 
Chlorine............ Cl: 
Deuterium.......... De 
Deuterium oxide.....{ D2O 
Dinitrogen oxide..... N2O 
Dinittogen peuon de N2O, 
Fluorine............0: Fe 
Helium............. He 
Hydrogen......... ie He 
Hydrogen bromide...| HBr 
Hydrogen chloride...| HCl 
Hydrogen fluoride nee HF 
Hydrogen iodide.....) HI 
Hydrogen peroxide...| H2O:2 
Hydrogen sulfide....| HS 
LOGING oebde wt eieniouts Ie 
Nitrogen............| Ne 

RV OWS 5 av vss ees wc as O2 
Phosphorus ee ae ee P 
Selenium............ Se 
BuO r is 2 6d shes are 8 Ss 
Sulfur dioxide Petites SO2 
Sulfur trioxide....... SO; 

SUCGS Gaevle dak we bee HO 


— efev 


a] 


HER BD DD Ted eh pak pet ek ed et et ND bt OD) eet ND bed 9 pet 


Oo 


0. 
.26(a) 
0.288(a) 


0 


om) 


0. 


i i) 


a  Depreana numbers indicate mneerTeinty in that number. 


b At preeare: of sae atm. 
e Hd = 3.6 X 


oo oo 


34 


24 


.287(a) 


—191, —184 
50 


—65, —33 
18.8, 21.2°K 
0.4, 98 


—216, —190 


14, 21°K 
—85, —70 
—85, —15 


- 30, 20 


—210, —195 
—218, —183 


237, 301 


14, 140 


0, 100 
100, 370 


Ref. 


29, 51, 52 


30, 83, 145, 152, 
169 Eig th 


36, 136, 152 
41, 128, 148 
88 


64; 71; 140 © 
143, 75, 80, 83 


108 
= 78.25(1 — 4. "617(10-8)(¢ — 25) + 1. 22(10- nt — 25)2 — 2.7(1078)(¢ — 25)3]; average deviation 


£0 04%. 
= 4 X 108 cps. 


j Liquid transition and discontinuity in variation of dielectric constant with temperature at 2. 295°K,. 


Values reported in ref. 290 agree closely with those listed. 
— 0.62¢ + 0.003222, 


g = 84.2 


nf Graphical data in the range 118 to 350°C show a minimum near 160° and a broad maximum near 


i Critical temperature. 
fe/ex = 78.54 
tion + 


DORE fl — 4. 579(10- 3)(¢ — 25) + 1.19(1075)(¢ — 25)? — 2.8(10-8)(¢ — 25)3]; average devia: 
w ajes = BS1/T + 233.76 — 0.92977 + 0.001417T? — 0.0000008292T'. 
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TasBLe 5d-9. Orcanic Liquips. 


Compound Formula 
Acetaldehyde...............000ceee C2H.O 
Acetic acid.................00. econ C2H.02 
Acetic anhydride.................... CsH6Os 
Acetone..............c cece eee es ...| CsHeO 
Acetonitrile Te ee ee ey rere C2H3N 
Acetophenone...................05- CsHs0 
Acetyl acetone (2,4-pentanedione)....| CsHsOz2 
Amy] acetate...................000. C7HisO2 
Aniline........ re eee eer re ee CeHiN 
Anisole (methoxybenzene)............ C7Hs0O 
Benzaldehyde...................0--- C7HeO 
Béiietbesscide cosceca’ Si, tea CeHe 
Benzonitrile.................- Sie C7:HsN 
Benzylamine................ cece eee C7HoN 
Benzyl alcohol..................005: C7H:0 
Bronial sc sctado te. 2nsee keke s Seas’ CeHBr30 
m-Bromoaniline................2006- CeHsBrN 
p-Bromoanisole.............-....+5- C;H7BrO 
Bromobenzene........ Lo aeuatiane Pkeacegtls CeHsBr 
1-Bromobutane.............-....06- CsHoBr 
9-Bromobutane..............-..-00- 
1-Bromo-1-butene? (bp 86°C)........ .| CaH:Br 
1-Bromo-1-butene? (bp 98°C)......... 
2-Bromo-2-butene’.........--.0 00085 
2-Bromo-2-butene®..........-- seatakdns 
1-Bromo-2-chlorobenzene..........-.- CeH4BrCl 
1-Bromo-3-chlorobenzene...........-- 
1-Bromo-2-chloroethane...........-.- CoH«BrCl 
cis-1-Bromo-2-chloroethylene......... C2H:2BrCl 


trans-1-Bromo-2-chloroethylene....... 


Footnotes appear at end of table. 


202 


0. 205(a) 


’ | 16. 


4. 


1.2 
0. 148(a) 


1.1 


0.200 


0.157(a) 


3.30 


0. 140(a@) 


— 60, 40 
15, 25 


At 25 


At 20 


| 0, 50 


20, 40 


10, 60 


0, 25 


30, 40 
0, 70 


10, 90 


1, 55 


10, 90 


Ref. 


68, 137 


20 


160, 187, 105, 
122 
11, 20, 26, 86 


95, 175, 26 
5, 15, 16 


5, 6, 8, 39 
4, 46, 85, 106, 


~~ 413, 171 


129 
26 
46, 98, 175, 188 


“| 129 


20, 38 


10, 54, 95, 125, 
170, 178, 186, 
193, 197 

14 


60, 95 
20 


20, 38 

129 

82 

21 

21 

175 

42, 43, 61, 129, 
185 

69, 163, 185 
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renee | sf | ES FT 


Compound Formula 
Bromocyclohexane.................. CeHuBr 
1-Bromodecane..................005 CioH2iBr 
Bromoform................-.0cee05 -.| CHBrs 
Bromoethane.....................-. C2H:Br 
4-Bromoheptane.................--: C7HisBr 
1-Bromohexadecane................- CisH33Br 
1-Bromohexane..................-.. CeHisBr 
Bromomethane...................-. CH:Br 
1-Bromo-2-methylpropane............ CsHsBr 
2-Brome-2-methylpropane.......... ae 
1-Bromonaphthalene................ CioH7Br 
1-Bromononane.............. sehecae ets CoHisBr 
1-Bromooctadecane.................. CisH37Br 
1-Bromoctane....................-. CsHi7Br 
1-Bromopentadecane................ CisHaBr 
1-Bromopentane........ ee ree CsHuBr 
1-Bromopropane..................-. C3H7Br 
2-Bromopropane................00+ 
3-Bromo-1-propene.................. CsHsBr 
1-Bromotetradecane................. CisHooBr 
o-Bromotoluene...................-. C7H7Br 
m-Bromotoluene...............2.5+- 
p-Bromotoluene.................65-5 
1-Bromotridecane aod bieahaanne ee ane Ci3sH27Br 
1,4-Butanediol...................06. CsHi002 
1-Butanol....................00008, C4Hi00 
2-Butanol............0.......000005- 
2-Butanone................0..0000ee C4Hs0 
Butyl ether....................08. .. | CsHis0 
Butyraldehyde...................... C4Hs0 
Butyronitrile....................... CsH7N 
Carbon dioxide..................... CO: 
Carbon disulfide.................... C82 
Carbon tetrachloride................ CCl 
Chloralinvc scisn eesch ciao eed: C2HC1,0 
m-Chloroaniline.................065. CeHeCIN 
Chlorobenzene..................005- CeHsCl 


1.07 


0. 105(a) 
0.196(a) 


0.152(a) 


3.35 
4.40 


- 0.80 


0.300(a) 
0.335(a) 


0.207(a) 


0.268 


0.200 


0.17(a) 


25, 55 


10, 70 
—30, 30 


25, 55 
25, 55 


—80, 0 

1, 55 
—15, 55 
25, 55 
—35, 16 
1, 55 

27, 58 
—55, —39 
1, 55 


— 45, 55 


1, 55 


~—40, 20 
25, 70 


—90, 130 


—10, 60 


15, 45 


Ref. 


185 
158 
185 


69, 105, 107 
23, 49, 67, 89, 
185 


65 
185, 198 
185 


67 

185 

142, 163, 185 
185 

195 

185 

198 

195 

185 

195 
141, 185. 


185 
185 
141 
20 


185 
43 
43 
43 
195 
157 


56, 146, 189 
190 


160 


26 


14, 100, 124, 
130, 135, 161, 
197 

100, 111, 154, 
161, 165, 197 

27 


21 
42, 95; 112, 171 


renee iat” 
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Tasie 5d-9. Orcanic Liqurps : (Continued) 


Compound 


Chlorobenzene (Continued) .......... 


1-Chlorobutane........ Pd Bde sieit teat as 


3-Chloro-1, 2-epoxy-propane(epi- 
chlorohydrin) ne 
Chloroethane.......... byte cer oe Pack 


Chioroform........... Nae Tere een 


4-Chloroheptane..............-6+--- 
Chloromethane...... Gg Lt edhe heen ees 
1-Chloro-2-methyl propane........... 


2-Chloro-2-methyl propane........... 
1-Chloronaphthalene................ 


1-Chloro-2-nitrobenzene..... elwebuer 


1-Chloro-3-nitrobenzene.............. 


1-Chloro-4-nitrobenzene.............. 


1-Chlorooctane... ... ie Bao See * 


1-Chloropentane..............2..055 
o-Chlorophenol. ..............00000- 
p-Chlorophenol..............66--055 
1-Chloropropane..............++.6.- 
3-Chloro-1,2-propanediol............. 
1-Chloro-2-propanone...............- 
3-Chloro-1-propane................6. 


a-Chlorotoluene...........0.-0000-- 
o-Chlorotoluene............0ceeeeee: 


m-Chlorotoluene............ccee208- 


p-Chlorotoluene...............0ceees 


~ Formula 


CHCl 


C3HsCl0 


CHCl: 


C7HisCl 
-CH;Cl 
C.HoCl 


CioH7Cl 
-CeH.CINO2 


CsHi7Cl 
CsHuCl 
CeHsClO 


C3H;Cl 
CsH7ClO2 


C3H;ClO 
C.H;Cl 


C7H7Cl 
C;H,Cl 


Deen eee TE Ce eaaatanmemmneemseenttt (o:neeneenenemmnenenrmeemnetminntl 


0.173(a) 


0. 225(a) 
1.07 


0.16(a) 
1.70 


Ow b& 


a4 


—10, 70 


—70, —20 


— 23, 30 
1, 55 


85, 160 
1, 55 


25, 58 
55, 65 


Ref. 


86, 92, 123, 
129, 137 


69, 162 


20 | 


13 


| 60, 100, 111 
| 49, 67, 123 


67, 86. 
167 


| 77, 142. 


185 
118 


118 


185. 
1. 
39, 43, 176 | 
43, 176 

21 

20 
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TaBLE 5d-9. Orcanic. Liquips (Continued) 


Compound Formula €/év t, °C — . ae Ref. 
Cinnamaldehyde.................... CoH:O 16.9 24 76 
O-CresOh i Oo os lt Os Sexe cehentes C7Hs0 11.5 25 11 25, 30 176 . 
m-Cresol...............0 000 ee eee | 11.8 25 0.41(a) 15, 50 38, 99, 176. - : 
p-Cresol. 0.0. e 0 ccc ececeeceenes 9.91 58 | 43 
Cyanogen............. 0... e eee C2Ne 2.52 23 12 
1,3-Cyclohexadiene.................. CeHs 2.68 —89 158 
1,4-Cyclohexadione.................. CeHs02 4.49 78 158 
Chlorocyclohexane.................. CeHuCl 7.6 25 ‘170°. 

10.9 —47 158 
Cyclohexanol. :...................2. CsHi20 15.0 | 25 0.437(a) | 20, 66 24, 70, 137 
: 7.24 100 : 
4.8 150 
Cyclohexanone...................... CeH100 18.3 20 og -24, 70 

19.9 ~—40 158 . 
Cyclohexyltrifluoromethane.......... CrHuFs I1.9 — 85 4 — 158 
Cyclopentanol..................... CsHi0 «| =18.0 20 0.38(a) . | At 20 153 

25.5 —20. | = 158 - 

Cyclopentanone.................000. CsH:0 16.3 —51 158 
Decanol........... 0... cc cee e eee cues CioH220 8.1 20 97 
m-Dibromobenzene.................. CeH.Bro - 4.80 20 ° |. 37, 58 
o-Dibromobenzene.................. 7.35 20 ; 37,58 
p-Dibromobenzene.................. / 2.57 |; 95 37 
dl-2,3-Dibromobutane..:............ | CaHsBro 5. 75s 25 159 
meso-2,3-Dibromobutane............. CaHsBre 6.245 25 159 
1,2-Dibromoethane...:............... CoHBre 4.78 25 0.60 10, 55 10, 98, 105, 

4.09 131 133, 185,26 - 
cis-1,2-Dibromoethylene............. C.HoBre 7.72 0 . -101 

* 7.03 25 

trans-1,2-Dibromoethylene........... | 2.97 oO j- 101 
2.88 25 
1,2-Dibromoheptane................. C7HuBre | 3.77 * | 25 102 
Dibromomethane................... CH:Bre 1 7.77 - 10 69 
. 7 i |r 6.68 40 
1,2-Dibromo-2-methyl propane........ CaHsBre 4.1" 20 21 
1,2-Dibromopropane................. CsHeBre — 4.37 20 21 
Dibutyl phthalate................. .-| CisHe2O« 6. 436 30 1.98 30, 35 200 
Dibutyl sebacate...............0..0. CisHsOx 4. 540 30 1.07 30,35 —_ | 200 
1,4-Dichlorobutane......... A Ree CiHsCle 8.90 25 3.07 1, 55 185... 
m-Dichlorobenzene.................. CeHiCle 5.04 | 25 -0.120(a) | 0, 50 | 48. 
o-Dichlorobenzene................... 9.93 25 -0.194(a) | 0, 50 48 
p-Dichlorobenzene.................. 2.41 - 50 0.18 50, 80 37, 67 
8,8’-Dichlorodiethyl ether............ C4HsCle0 21.2 20 105 
1,1-Dichloroethane.................. CoHCle ~ 10.0 18 95, 112, 178 
1,2-Dichloroethane.................. 10.65 20 86, 92 
10.36 25 172, 185 
10. 3.67 25 
12.7 —10 af 
1,1-Dichloroethylene................. CoHeCle © 4.67 16 32 
cis-1,2-Dichloroethylene.............. 9.20 25 . 151. 
trans-1,2-Dichloroethylene........... 2.14 25 130,151 — 
Dichloromethane.................... CH:Cl. 9.08 20 i —80, 25 67, 194 
1,2-Dichloro-2-methyl propane........ CaHsCle | 14.0 —100 167 
10.8 —60 
8.71 —20 
7.22 20 ; 
1,2-Dichloropropane................. CsHeCl: 8.93 26 ; - 176 
2,2-Dichloropropane...............6+ 10.15 - 20 -0,247(a) | —33, 20 158 
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TaBLE 5d-9. Orncanic Liquips (Continued) 


Compound 


1,1-Dichloro-2-propanone............ 
2,5-Dichlorostyrene...............--- 
Diethyl sebacate..... eee ent er 
m-Diiodobenzene...............0.05- 
o-Diiodobenzene..................4- 
p-Diiodobenzene.................6- 
cis-1,2-Diiodoethylene............... 
trans-1,2-Diiodoethylene............. 
Diiodomethane..................-- 
Dimethoxymethane (methylal)........ 
Dimethylamine...................-. 


Dioctyl phthalate................... 
Dioctyl sebacate................6--- 
Diphény lia cicseestcigeeiiaes erin 
Dodecanol............0..-eseeeeeee 
Epichlorohydrin (3-chloro-1,2- 
epoxypropane) 

Erythritol (1,2,3,4-butanetetrol)...... 
1,2-Ethanediamine.................. 
Ethanethiol..................-000.. 
BGhanOl 57 Aco 5 ee eres: 


Ethylamine................ ee is aha 
Ethyl alcohol (see Ethanol) 

(Ethylene) glycol................... 
Ethylene oxide.............+----06.- 
Ethyl ether. ic sicsaeacecd ease es ees 


Ethyl mercaptan (see Ethanethiol) 
Ethyl nitrate..............0c cee eeee 
FOnCRONG: 3:5 dag sds eee cdeow nuns 


1-Fluoropentane ..................-- 
o-Fluorotoluene.............2c00.00- 


m-Fluorotoluene..........-..-.2.04: 
p-Fluorotoluene...............-..+6. 


Formamide..................eeeee0s 
Formic acid.............-cceeeeceee 
Purfural:. ibe A hs wh eka saws 


Glycerol! <cesease 4a si eet 
Glycolonitrile....................05. 
Guaiacol (see o-Methoxyphenol) 

Heptaldehyde.............-.0ee eee 


CsHeCle 


CeHale 


CoHsNOs 


CoHsF 


a (or a) Range 
X 10 th, te 
1.2 30, 40 
0.18 75, 155 
10 10, 27 


0.270(a@) | —5, 70 
0.297(a) | —110, —20 
° —20,10 
0.224(a@) | 20, 100 

2.0 At 20 
0.217(a) | —40, 30 


0.170(a) | 40, 140 


9 0, 50 


72 18, 25 


0.208(a) | 0, 100 


Ref. 


21 
190 
175 
37 
37 
37 
31 
31 
69 
15 
182 


181 
190 
47 
192 
20 


91, 97 

133 

157 

79, 116 
79, 80, 137 
56 

86 


10, 24, 44, 68, 
171 
137 
120 
14 


5, 15, 20 
153 
104, 174, 58 


163 
174 


174 


20 


25, 80, 122 
15 


65 
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TaBLeE 5d-9. Orcanic Liquips (Continued) 
ne ele ees 


Compound Formula 
Heptane fycisc% c5leaeien keeles sas C7His 
4-Heptanol.....................005 C7HieO 
4-Heptanone...............00.0.05, C;HuO 
Hexachloro-1,3-butadiene............ C.Cle 
1-Hexadecanol...................... CisH340 
1-Hexanol.....................000ee CeHuO 
Hydrocyanic acid................... HCN 
Todobenzene.............0cecseeeeee CeHsl 
1-Iodobutane.................0000., C.Hol 
Iodoethane............ccccececceees C:HsI 
1-lodohexadecane........./......... CisHasI 
1-Iodohexane:................00000. CeHisl 
Iodomethane...................00.- CHslI 
1-Iodo-2-methyl propane............. C4Hol 
2-Iodo-2-methy] propane............. 
1-Iodooctane...................205, CsHil 
1-Iodopentane.................0000. CsHul 
1-Iodopropane.............. amen C3H71 
_2-Todopropane.................6.06. 
p-lodotoluene............0.....0000- C7Hil 
Isobutyronitrile..................... C4HiN 
Isocapronitrile...................0.. CeHuN 
Isoquinoline..................00000. CoHiN 
Lactonitrile..............0.cccceeeee C3HsNO 
Linoleic acid...............e.-00000- CisH2202 
l-a-Menthol...................0..08. CipH20O 
Menthone.............e..necceccess CioHis0 
Methane................0cccceeeeee CH, 
Methanol..................000- ....| CHO 
Methoxybenszene (anisole)............ C7Hs0 
2-Methoxyethanol................... CsHs02 
o-Methoxyphenol (guaiacol).......... C7HsO2 
Methyl! alcohol (see Methanol) 
Methylamine....................... CHsN 
N-Methylaniline.................... CzHoN 


4-Methylcyclohexanol............... C7H1.0 


jt pet 
m OR — ar’ 
Hm 0 CO Ww & bo OO Ge bO 

go op Sm 


—_ pe 

Oo NM AT Rm 8 OO OD SP 

ww Oa & OHS eS & 
ww & SO Ww 


t, °C 


a (or a) 
X 10? 


0.205(a) 


1.7 


-0.35(a) 


ry 


0.63(a) 


0. 135(a) 


. 0.150(a) 


1.17 


0.2 
0. 264(a) 


1.1 


0.26(a) 


0.41(a) 


Range 
ti, te 


48, 67 


—13, 18 
18, 26 


0, 80 


—20, 70 


—70, 40 


1,55 
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Ref. 


50, 63, 197 


65 
65, 160 


190 
126, 134 .. . 


74, 119 


173 


163, 58 
26, 69, 162 


56, 137 | 


162 
162 
67 

162 


| 162 


142. 
162, 185 
162 

162 


1162 | 


— 181, —159 
5, 55 


20, 40 


—30, —10 


At 20 


22 

11 

11 

106 

15 

138, 156, 177, 


158 
18, 153 


66 
143, 179 
7 


46, 98, 175, 188 


129, 176 
21 


86 

182 

106, 113, 12, 20 
153 
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Tape 5d-9. Oraanic Liquips (Continued) 


caress | a cemeetes | ens | ener —nscer—e || SL LTT RS 


Compound | Formula 
2-Methyleyclohexanoné.............- -CrH120 
Methyl ether.............00.-- sees C2H.O 
Methy!I nitrate.......... opodadew sens -CH3sNOs 
2-Methyl-1-propanol..............: | CaH 100 
2-Methy!-2-propanol....... oes esbiticnds 
2-Methylpyridine (a-picoline)........ CeHiN 
Morpholine..............0- eee eee ees CsHyNO 
Naphthalene.............-00eeee ees CiwHs 
1-Naphthonitrile ... .. esata ted ..{ CuHN 
o-Nitroaniline,............0.eee seen CeHeN202 
p-Nitroaniling...........0. ee eee eee ; 
Nitrobenzene..............0ccc eens CeHsNOz 
m-Nitrobenzyl alcohol............... C7H;NOs 
Nitromethane............-.0.000085 CH;NO: 
o-Nitroplienol............. Piet taunted CeH:sNOs 
1-Nitropropane...........-.0eeeeees C3:H:NO2 
2-Nitropropane..........6.- see ees 
o-Nitrotoluend............60-++ 000s .| CoH:NO2 
m-Nitrotoluene..........-eceeeeeeee 
p-Nitrotoluene...........0..5eee eee 
Octadecanol. ...........200e eee eee CisH3sO0 
T-Octanol: . cs sins bisheese test eek CsHis0 
Q-Octanone........2 cc cece cececees CsH160 
Oleie Sid 1065.66.20 ed Gose eet CisHO2 - 
Palmitic acid...........-...- essen CisH2202 
Pentachloroethane..............0065 CeHCls 
2,4-Penitanedione (acetylacetone)...... CsHs02 
1-Pentanol............ cee eee cease CsHi20 


9-Pentanone...........ceeeeeeeeeeee CsHi0O0 


e/ev 


a (or a) Range 
X 10? hi, te 


2.38 25, 100 


| 0.377(a) | 20, 90 


'.0: 16(a@) 22, 70 
3 90, 110 
6 160, 180 
0.225(a). | 10, 80 
-,0.164(a) | 180, 211 


t 


0.189(a) | 12, 92 


6.4 50, 60 
10:1 30, 35 
10.9 30, 35 


15. | At 20 


0.410(a@) | 20, 60 


0.215(@) | 0, 60 


-. 0.23(a) . | 15, 35 
0.195(a) |.-—40, 80 


0.225(a) | 0, 80. 


12 : 
10, 60, 74, 80, 
146 

7 


12 

149 

130, 166 
12. 
175 

175 


6 , 95 


21 
55, 200 
176 
200 
200 © 
10, 60 
43 

26 

35 

43 

43 

192 


56, 57 


160 


93, 121, 138, 
156, 177 


121, 127 
28, 39, 105 
5, 15, 16 
97, 119, 146 
160 


160 
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TaBLE 5d-9. OrcaANic Liquips (Continued) 


eee Ff cntteerenemes tt rn | cee 


Compound Formula . 

Phenol). .ccris chevie gia cacvcackewn CeHs0 
Phenyl ethers. s0ccasgdsdvet ages Ci2HicO 
PhOSGONG sss oss bscieie Ace Sy Peewee CClO 
a-Picoline (see 2-Methylpyridine)..... 
Piperidine 34.c.c saws ete Voualotes CsHuN 
PROPANCoiog in se Bs hee 2 C:Hs 
1,2-Propanediol...................4. C3Hs02 
1,3-Propanediol..................... 
1-Propanol...................000- '..| CsHs0 
2-Propanol............ 0.0.0 e cee ees 

PROpCROs dc2320 5 3s4-ea leet CsHe 
Propionaldehyde................... .| CsH6O 
Propionitrile..................00000s C3HsN 


Propy] alcohol (normal, see 1-Propanol, 
iso, see 2-Propanol) — 


Propyl butyrate................... = | C7H402 
Propyl ether ii: otc yvnaana ve sae CeHuO 
Pyridine....... SE emis Soe Meheaeik CsHsN 
Quinoline sath ene sie wack bideeadios CsH7N 
Salicylaldehyde..................... C7HeO2 
Siloxanes..................00000000- (C2HeOSi) n 
Octamethylcyclotetrasiloxane....... n= 
Decamethylcyclopentasiloxane...... n=5§ 


Dodecamethylcyclohexasiloxane....| n = 

Tetradecamethylcycloheptasiloxane.| n = 

Hexadecamethylcyclooctasiloxane...| n = 
CeHisOSie(CHz)sSI[OSi(CHs)2],CHs 


Hexamethyldisiloxane............. n= 

Octamethyltrisiloxane............. = 2 

Decamethyltetrasiloxane.....-..... n= 

Dodecamethylpentasiloxane........ n= 

Tetradecamethylhexasiloxane....... n= 

n = 66 

Stearic acid....................005. CisHssO2 
Styrene (phenylethylene)............. CsHs 
Succinonitrile.............0cececeee-| CaHaNe 
1,1,2,2-Tetrabromoethane............ C2H2Bra 
1,1,2,2-Tetrachloroethane............ CoHeCl 
Tetrachloroethylene.................| CoCha - 


1-Tetradecanol.....................: CyuHy»O . 


116 


238 


a (or a) 
x 102 


0.32(a) 
0.7 


0.20 
0.27(a) 
0.23(a) 
0.293(a) 


0.310(a) 


0.20. 


Range 


hit. | 


40, 70 
30, 50 


—90, 15 
At 20 
At 20 
20, 90 


20, 70 


30,40 


a 25, 90 wid 


6-141 


Ref. 


43, 86, 99, 129 
46, 175 
34 


12 
114 

153 

153 

80, 146, 190 


80, 146 


| 108 


5 


| 11, 15, 20 


| 21 


76 
83, 35, 106, 26 


26, 105, 106 


}176 | 


180. 

47, 121, 127: 
177 
109,.130, 190° 


133 


| 20 


| 35 


72, 130, 190 


192 
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TaBLE 5d-9. Orcanic Liquips (Continued) 


Compound Formula e/e€ t, °C . aes 7 Ref. 


a rn | ee eereeiie | eee | ere ernie | A 


Toluene. wee ir meee Seidttoaes ...| C7H 2.438 0 | 0.0455(a) R 14, 42, 63, 130 
2.379 25 0.243 ; 147, 152 
2.157 127 
2.042 181 
o-Toluidine..............00 cece eee C7HoN 6.34 18 113 
§.71 58 43 
| | 4.00 200 26 
m-Toluidine.............ce cece eees : 5.95 18 113 
5.45 58 43 
pT oluidine: sic. dan isan eeeess 4.98 54 22, 43, 99 
o-Tolunitrile........... ccc cece cease CsH7N 18.55 23 11 © 
1,2,3,-Tribromopropane.............. CaHsBrs { 6.45 | 20 164 
Trichloroacetic acid................. C2HCl3:02 4.6 60 20 
1,1,1-Trichloroethane................ C2H3Cls 7.10 0 155 
7.52 20 105 
Trichloroethylene................... CeHCls 3. 42 ca. 16 28 
a,a,a-Trichlorotoluene...........-.. C7HsCls 6.9” 21 18, 21 
Tricresyl phosphate................. Co1H2104P 6.9 40 144 
Trifluoroacetic acid.................. C2HF;02 39.5 20 201a 
26.2 —11 
a,a,a-Trifluorotoluene............... CrHsF: 9.18 30 174 
| 8.09 60 
2-Undecanone.........0..eeee eee ees CuH20 8.4 14.5 59 
Vinyl] ether............0000-: Posen C.HeO 3.94 20 84 
o-Xylene.......0.+5.- ans eaveee CsHw 2.568 20 —20,130 | 2, 76, 81, 130 
M=A VINE! sks es elaine eetnas deste 2.374 20 0. —40, 170 2, 10, 14, 24, 76, 
is 81, 137, 152 
» Xylene. ee desided tad bope wns 2.270 20 ; 20, 130 44, 76, 81, 90, 


130, 168, 184 


= 4 X 108 cps. 

by = 3.6 X 108 cps. 

e At pressure of 50 atm. 

h Critical temperature. 

*logio € = 2.199 — 0.00792 + 0.000052. 

i ¢/eo = (3,320/T) — 2.24. 

k e/ey = (3,320/T) — 2.34. 

b e/ey = 12.6 — 0.061(¢ + 20) + 0.0005(¢ + 20). 
m mel = (2,160/T) — 0.39. 

= 5 X 108 cps 

° pi = 6§.94 — 0. 036(¢ — 10) + 0.0004(¢ — 10)2. 

Critical temperature = 126.9°C. 

@ cis-trans isomers. 

¢ Br and CH; trans. 

« Br and CHs cis. 

» Silicone oil of average molecular weight corresponding to this formula. 
2 Value chosen to conform with the remainder of the tabulated data for this substance. 
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TABLE 5d-10. REPRESENTATIVE VALUES OF DIELECTRIC CONSTANT OF 
MISCELLANEOUS COMMERCIAL DIELECTRICS 


Material e/€, 
F<) 6) 514 | a eee eae eR 1 2.66 
1 2.58 
1 2.55 
PB DOSTOSS fue 3 er Glories 8 dae Bogen Gen hn ye age Blea nce bee 1 4.8 
MAS GOT OU sea. See ik cnt cle WN A rao Be oad Roast nctecttucedeck 1 47 
: 3 2.68 
Castor oil, hydrogenated... ....................... 1 10.3 
? 1 3.2 
Chlorinated diphenyl]: | | 
54% chlorine...................0.... ile denice thake 1 - §.05 
42% chlorine........ Nh se bei Bee EOS Be OE Se haiean 1 6.70 
Chlorinated naphthalene (hot-molded).... 1 — 3.78 
| 1 3.70 
2 3 2.57 
Hydrocarbon oils: | 
Transformer oil........... 0.0.0... ce cece cece ee 1 2.22 
3 2.18 | 
Cable-ole ites 2 tied tas eG oaiaewa uaa ado 1 2.25 
Mineral Onl soc). uo ila. Goscqrsve gett fod eras Boek were een 1 2.15 
Hydrocarbon waxes: 
PARAMS co cesitr yas ine ate ae ee ee er ee eee 1 2.20 
3 - 2.20 
DWAR asa Sacre i trwee aad eich bbe hia ad Sande oy tads 1 2.5 
O72) s)he en ee ee 1 2 2 
UPETIA NON Oi d.ck cian Mies oa Se reid BE ee ie 1 2.34 
3 2.26 
Mica, clear ruby muscovite....................... 103-106 7.0 
Polyisobutylenes: : 
ViStanek: ooo 4 ti Mey Obs ya wadee ee bhads Ree sckdeivenes 2 X 103 2.20 
NSEC ooh aan OA a ra pe sheen BN dens ers wleake dee Bk 2.22 


6d-4. Dielectric Properties of Gases 


TaBLE 5d-11. DiELEcTRIc Constants OF REFERENCE GasEs* 


reference, 


(At 20°C and 1 atm) 


(’/ey —1) X 1 
EV CHUM 5 oe. ik eeu t, he weg RENE 65.0 + 0.4 
Hydrogen.................. 253.8 + 0.3 
ORY BOB esc OG i hate bi Kai bc 494.7 +0.2 
Argon. ..............00000. 517.2 + 0.4 
Air (dry, CO--free).......... 536.4 + 0.3 
Nitrogen................... 548.0 + 0.5 
Carbon dioxide. ............ 922 +1 


© 
es 
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TaBLE 5d-12. Rebvative DIELEcTRIC STRENGTHS OF VARIOUS GASES AND 
_ ITROGEN-Vapor MixtTURES* 


. Gas or Nez vapor mixture 


saturated at Relative 


Pressure 


23°C and 760 mm Hg of vapor, | dielectric 
ae mm Hg | strength 
total pressure 
Fluorotrichloromethane, CCI]3:F................. 725 3.0 
_ -Tetrafluorodichloroethane, CeCleFy............. 760 2.8 
., -Trifluorotrichloroethane, CeClsF3............... 306 2.6 
‘Sulfur hexafluoride, SFs5.................00005. 760 - 2.AlT. 
Difluorodichloromethane, CCl.Fo............... 760 2.4 
Boron trichloride, BCls............... 0.0.00 0 0 760 2.8. 
. “Methyl iodide, CHsI...........0..... 0.0. 370 2:2: 
- Sulfur dioxide; SOe................6. ry tee 2 760 1.9... 
_ ,Phosphorus eriehionide PClesicvtenies ceraedh eee 113. 1.9 
.. .Thionyl chloride, SOCls........... 0... cee ee 110 1.65 
~~ Carbon tetrachloride, CCly...............00005 105 1.65 
Chloroform, CHCls.............. hen dce crits th doer 180 |. 1.58: 
Sulfuryl chloride, S02Cls Rata ahd Mined atin ted bee Maye, Sour ararak 1.56 
Chlorine Clex. 2 acing ee norateukacereeeuaawes 760 1.55 
Carbon disulfide, OS sibs bees Seth Ser Ses 330 1.50 
-Fluorodichloromethane, CHCI.F............... 760 1.33 
Hydrogen sulfide, HS....................-4-. 760 1.30 
eo -Bt by lenes Og ll ge ob Pow bare etek eke ee ace wats 760 1.21 
_ .-Titanium tetrachloride, TiCl,.................. 12 1.17 
‘Methyl formate, HCOOCHs3............. peat 570 1.16 
- Trichloroethylene, ache eee ry eee eee 65 TALS: 
Nitrous oxide, NoO............... 0.00005 ete 760 =| 1.14 
- Phosphoryl chloride, POC! Siecinits S Akig ee We ae temas 34 1.11 
_ Dichloromethane, CH2Cle..................... 400 jue et 
Acetylene, Colle: cass ccae eto teven meus ad et Ze 760 1.10 © 
- Trichloroethane, CH:;CICHCl:.................] ....... 1.08 
Ethyl amine, C.H;NHa2. lassie an cacheronoes Bee acts eee daa uA eae 760 1.06 
Chloromethane, CH3Cl.................... ....{ > 760 1.06 
Dimethyl amine, (CH;)2NH................... 760 1.04 
Acetaldehyde, CH;CHO.................02..+.1. 760 | 1.03 
Fluorochloromethane, CH.CIF........ ee ee ene eee 1.03 
Carbon monoxide, CO.............. Siiieuienap 400! “1202 
Tetrachloroethane, CHCleCHClh...... ee cee 6.8 | 1.02 
Sulfur dichloride, S2Cle...... Se eer. ote 12.5 1.02 
Nitrobenzene, CeHsNOx...........-0 00.2 eee 0.3 | 1.02 
Methyl bromide, CH3Br................. eee 760 | 1.02 
Ethyl ether, (CoHs)20-..................0000. 495 1.00 
Methane Chis. kine ar cheno eoh iaehe Sek 760° 1.00 
Ethyl alcohol, CoH;OH............-.....5.00. 2 1.00 
Dichloroethane, CH.CICH:CI badoclaot dele titer discs Renee. e 308 1.00 
Ethyl chloride, C2.H;Cl.................... ce eule e TOO * 1.00 
Nitromethane, CH;NO:.. sa ie hacen ad teenies aaa ee 34 | 1.00 © 
Benzoyl chloride, CeHsCOCI.............. .....| est. 0.2 | 1.00 
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TaBLE 5d-12. RevativE Die_tectric STRENGTHS OF Various GASES AND .- 
_NirroGen-Varor Mixtures (Continued) 


Gas or N2 vapor mixture 
saturated at 
23°C and 760 mm Hg 
total pressure 


Pressure | Relative 
of vapor, | dielectric 
mm Hg | strength 


Thioacetic acid, CH;COSH...... Ad awe eel Cx es 1.00 
Acetone, CH;COCHs........................0. 210 0.98 
Dibromoethane, CH:BrCH.Br................. 12.5 | 0.98 
PIT 5 tk oe teva ttm a ex Se arias, aoe 760 0.97f 
Methyl acetate, CHs;COOCH3................. 195 0.95 
Ethylene oxide, CH, CHe..................... 760 =| 0.95. 
L-O=1 ne? a 
Benzaldehyde, CsH;CHO...........0.......... 0.6 | 0.95 
Acetic acid, CH COOKS i eden w eee wea eee eee 14 0:94 
Methyl alcohol, CH;0H.......... De bad aes 110 0.94 
Formaldehyde, CH.0............ ered ah Sat 760 0.93 
Bromobenzene, CsH;Br.............:......... ca. 4. 0.93 
Ethyl acetate, CH;COOC2H;.................. 86 0.91 
Tetrachloroethylene, CClz:CCly................ ca. 18 0.90 
Carbon dioxide, COz............. 0.0.00... e ee 760 0.88 
Aniline, C.sH;NH, Coen cais, seg eee, Be Oe Nad oe GEM tee eee eaten she ates Fe ca. 0.3 QO. 87 
Oxygen, Oe.............. ee ee ree ee oe 760 | + 0.86t 
Toluene, C.H A es here ee, eth hh Og ok a ease a! » 25 0.86 
Benzene, CeHe................... Ce ern «85 0.84 
Ammonia, NH; (over NH,OH)................] ....... 0.82 
Chlorobenzene, CsHsCl....................2.. 10.5) 0.81 
Methylamine, CH;NH2......... ise hares kde ae 760 | 0.81 
Diethyl amine, (C2H;)2NH.................... 215 0.78 
Difluoromethane, CH2F2....... de SSM its tts Sotho ahi et ae 0.69 
Hydrogen, He.................. Bats tt de eSad ara 760 0.54f 


* The relative dielectric strength is defined as the ratio of dielectric strength of the gas or nitrogen- 
vapor mixture to that of nitrogen at atmospheric pressure and room temperature, when measured in the 
same gap. Taken from Charlton and Cooper, Gen. Elec. Rev. 40, 438 (1937). 

t Hochberg and Sandberg, J. Tech. Phys. (U.S.S.R.) 12, 65 (1942). 

¢ Landolt-Bérnstein, ‘‘ Physikalisch-Chemischen Tabellen,’’ vol. III, p. 1264. 
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6d-5. Piezoelectric and Pyroelectric Constants 
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TABLE 5d-13. PIEZOELECTRIC STRAIN CONSTANTS 


Formula 


Substance 
1. Aluminum phosphate...................-..2-5- AIPO, 
2. Ammonium dihydrogen arsenate................. NHaHe2AsO. 
3. Ammonium dihydrogen phosphate............... NHaHePO, 
4, Ammonium ditartrate..... bleed ian de Sanh dtite hh ed NHsHCsHi06 
5. Barium formate.................... 00002 e eee Ba(HCOO).2 
6: Ben Zils Jase ar a8 toes ete ahe SUR ed ed een SA CisHi002 
7. Beryllium sulfate tetrahydrate.................. BeSO.:4H2O 
§. Cesium tartrate.........0.. 0.0.00 cee eee eee CseC4Hs0c 
9. Deutero ammonium dideuterium phosphate....... ND.sD2PO, 
10. Dextrose plus sodium bromide................-- CeH120¢ 
2 NaBr 
11. Dextrose plus sodium chloride.................-.- CeHi206 
, 2 NaCl 
12. Dextrose plus sodium iodide.................... CeHi20¢ 
2 Nal 
13. Heavy rochelle salt............... direst thas, 3 Mites eat KNaC.D2H20¢6-4D20 
14. Iodic acid..................... Boake aber eae HIOs 
15. Lithium ammonium tartrate monohydrate........ LiN HiC.H.06'H2O 
16. Lithium potassium tartrate monohydrate......... LiKCsH.0¢6°H20 
17. Magnesium sulfate heptahydrate................ MgS0O.°7H20 
18. Nickel sulfate heptahydrate............ cone Pu te NiSO«7H20 
19. Nickel sulfate hexahydrate...............-.2..-. NiSO«6H20 
20. Patchouli camphor................ 20.0000 ee eee CisH260 
21. Potassium dihydrogen arsenate.............-.-.: KHeAsO, 
22. Potassium dihydrogen phosphate................ KHePQ, 
23. Potassium ditartrate.................-2 eee eee KHC.Hi0e 
24. Potassium dithionate..................0 eee eee K28206 
OB Quartg oes ha oy Ue eee ceawton sweet oun Si02 
26. Rochelle salt...........0. 00... ccc cee eee eee ees KNaC.H.0¢°4H20 
27. Rubidium dihydrogen phosphate................ RbH2PQ. 
28. Rubidium tartrate.................2 0000s ee eee RbeC4H106 
29. Sodium ammonium tetrahydrate..............-. NaN HsCsH406°4H20 
30. Sodium bromate Aelita ltecha inet tht ted heeded caret NaBrO; 
31. Sodium ChIGEALG ss Zeee dead began sa isa eewte 2 NaClO; 
32. Strontium formate dihydrate.................... Sr(HCOO):2-2H20 
Oo “Tite: DICNUG ssc oe ha Dk eee BE ee ZnS 
34. Zinc sulfate heptahydrate..............----.-5-. ZnSO«-7H20 


ise ame | cre | rnc | rere 


+3.3 FM ONS ate 5 oS afd 11* 
+1.4 Small [......]...... 5* 
nares +41 wees | bOl 5* 
Lidiaiay, —1.5 |....../4+48 5* 
+1.5 |...... —45.6] 18 
ne te ae Coe +49 11* 
Re ete —1.6 7.0| 0.4) 17 
Esiateles +4.0 +2.7; 44.7) 11% 
SEBO ois, Wausiecll eae 20 
eee 7 iu ptallle ue on pane 
2.7 0 ae he Pee Ore (ee 5* 
aoe 10” lexigines 75 | 13 
—3.7 cat hs ae eens | oer 11* 
—7.0 cy: a ee eee 11" 
—3.8 ae ee Gad ee eee 11* 
3.4 sdasatares | eden Ue tegen eal or 
Te atecak Very large|—73 |+-13.3) 12 
Paes See Table| 
| Bd-14 
ares +18.9 {415.3/+23.5} 11* 
seuae® +4.4 +6.5) 44.9) 11* 
7.7 —5.3 6.8) 17 
arated, +3.2 |+11.2)} +7.6|] 11* 
+2.0 | —9.4) +6.6| 17 
2.1 10.0} 6.8] 5* 
eee —2.1 —2.7| —3.8) 18 
deat —2.0 | —2.9) —3.2) 18 
eee —5.3 J......f......] 18 
OO os cack eres 11* 
+0.05) ...... Jo... ede... 20 
dear +23.5 |......1+22 5* 
26.6 |...... 22.4) 15 
seal +1.3 |......1~—20.9] 18 
3 ee: Ce eee oe 23 11* 
+1.3 |...... +21 5* 
Ree —4.3 3.4, —1.0) 17 
1.4 DEO 4 Wied geet 1S aed Oe | 5* 
42.31 OTD 4 ihn she le Bae 2 
+2.3 —0.67 [......)..0... 6, 18 
—2.25 O88 kcawsuleave be 11* 
eases Very large —56 j+11.8) 11 
See Tabled |—53 |-+11.7] 6 
5d-14 
sosshTh ced 4.5 |......| 37 5* 
ott, eas ee, Pekan tose e 20 
t oechisite +18.7 |—49.8| +9.4] 10 
+19 +31.7)+10.3) 11 
Treads S598! (ates inloanauel te 
2 4 Soli Leh eg 18 
Sead. || ecice ale, eters 11* 
Anes —1.75 |......)......} 18, 2 
2 OF Noe Seal eae 11* 
spite +8.5 |411.5) +2.3} 11% 
Bt Stas —3.2 ji... cb... 9 
seta 2 —1.9 —3.5) —3.1] 18 


ee RE eee enen eee eee nn 
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TABLE 5d-13. PrEzoELECTRIC STRAIN Constants (Continued) 


Substance 


35. Ammonium pentaborate tetrahydrate...... 
36. Barium antimony] tartrate............... 
37. Barium titanate........000.000.000.00... 


Formula 


NH.B;0s4H2O == {+13 /....... 5* 
Ba(SbO)e(CsH40c)2"H2O}. 2... }. 2... 43. .7| 20 
BaTiOs i t—iSiéCOW eee ne Aces 84 | 7* 
BaTiOs =  —*Y|-—s 288 :=si;s.......... aeedB |ukoys 190 | 5* 
.| LiNas(CrOs)26H2O0 i... ze dal (An aeeoere| Gera teeny pes I? 


KLiSO. i een CCE is | eee +5.2] 5* 
KB;0s-4H2O0 Dl oozes ; So eee +5.6} 5* 
NaLiSO, |... 7.1) Ol... +0.3] 5* 
Variable . 5 1; eee +1.9) 16 


42. Potassium pentaborate tetrahydrate....... 
43. Sodium lithium sulfate................... 
44. Tourmaline...............0.............. 


Substance Formula dis dis day | dee dog dos { dsa dss | Ref. 


45. Cane sugar.................. CieH2011 +1.2 | —2.4) +1.5; —3.3] +0.7 | —0.9| —4.2] +0.4] 8 
46. Diammonium tartrate........ (NH,4)2C4H20c6 +3.1) —2.8) +5.9] —8.7) +0.6 | —2.0) —4.7) +1.9! 18 


+3.3 | +1.7| —6.7/ +8.6| —0.6 | +2.4] +1.81 +2.0] 5* 
47. Dipotassium tartrate hemihy- 


rc oF Oe ae we ero KeoC4H106°44H20 | +7.9 | +3.5) —0.8) +4.5} —5.3 | —6.5|—12.3]—23.2] 4* 

48. Ethylene diamine tartrate... .| CeHisOcNe —10.0 | —12.2;+10.1) +2.2);—11.3 |—18.0|/—17.0|/—18.4! 1* 

' 49. Guanidine tartrate........... CsHuOsNs  ~—S_‘....... |... +2.6)...... —3.9 | +3.3)......]...... 5° 
50. Lithium sulfate monohydrate. .| Liz2SOs-H2O | +0.76| —2.0) —3.6/+16.3) +1.7 | —5.0) —2.1| —4.2] 3* 
51. Rhamnose.................. CeH1205-H2O0 +0.7 | +5.0) +2.7| —3.0) —5.0 |+12.2/—12.0} +1.1] 14 
52. Sorbitol hexa-acetate......... CisH26Oi2 1.4 | 23 0.5) —8 OB hia 2 2 1,5 

53. Tartaric acid................ CsH60c —12.2 | +9.5| +2.0) —2.2) +0.65) +1.3} +9.3} —8.0} 19 


+8.0 | +5.3) —0.8} —2.2) —2.1 | +0.4;/—10.8}]+11.7] 11* 


*According to the standards on piezoelectric crystals of the IRE [Proc. [RE 87, 1378 (1949)], we define the piezoelectric 
strain constants dik = Re or dik = O8k where 1 = 1, 2, 3 and k = 1 to 6; Tx = stress; S; = strain; D; = electric 
(OTxK)E (aE) 


displacement; and Ei = electric field. The units are coulomb/newton or meter/volt (rationalized mks). The listed num- 
bers have to be multiplied by 10712. In all cases marked by an asterisk, the [RE convention of tension being a positive 
stress has been followed. For the other values quoted the convention used is somewhat uncertain, although pressure is 
usually taken as positive. 
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TaBLE 5d-15. TEMPERATURE COEFFICIENT OF SOME PIEZOELECTRIC STRAIN 
_ Constants at Room TEMPERATURE, 


Substance , Formula O11 O14: a5 O36 Ref. 
Iodic acid...... WY idish Bein | ELLOS +3.5)—3.5)-0.9 | 3 
Lithium ammonium tar- ; | 
trate monohydrate... .| LiNH,C,H,0O.-H2O +39 |—50 |+31 3 
Quartz......... ances ce] S102 ~—10 | 2 
: —2.15| 12.9 1 
Rochelle salt......... ...| NaKC,H,0.¢4H.0 See {+49 |+10.9| 4 
; Table 
5d-14 


Sodium ammonium. tar- me 
trate tetrahydrate.....; NaNH,C,H.,0,.-4H.O 42.1 —19 +12.1) 3 
Strontium formate dihy- 
drate........ i ceceaantahs Sr(HCOO) 2” 2H.0 36] =8 |-—3.8)/—-14. 7 3 


‘1 ad | : 
Temperature coefficient a is defined as ak = Ja ae eee: @ is the temperature. . aik ig measured in 
+k : : 


degrees~!, The listed numbers have to:be multiplied Dy 10~4, 
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2. Cady, W.: ‘‘Piezoelectricity,’’ McGraw-Hill Book .Company, : ines New York, 
1946. 


3. Mason, W. P:: ‘‘ Piezoelectric Crystals and Their F Application, e 'D. Van Nostrand 
Company, Inc., New York, 1950. . . | 
4. Valasek, J.: Science 65, 235 (1927). 
TABLE 5d-16. TABLE. ‘OF PYROELECTRIC Constants 
Substance os Formula p Ref. 
1. Calamine.......0:2...0...............:| 2Zn0-Si02-H2O - 2.0 2,4 
2. Cane sugar......... 4 ne, Seale a by Mat ee ade Ci2H 2011 | ' 0.18 3 
3. Diammonium tartrate. hieeaed Sh Uileatret ee} CN Ha) 2CaHsOc © ~ 0.95 1,3 
4. Dipotassium. tartrate rim as ere | KeC.H406-3HO | . 2.0 1,3 
5. Lithium selenate monohydrate..........| LisSeO.-H2O . 6.7 L3 
6. Lithium sodium sulfate........... ; rae LiNaSO, _ . 0.75 | 1,3 
7. Lithium sulfate monohydrate... .. se... | LizkSO,.H2O er: 1,3 
8. Lithium trisodium selenate hexahydrate. . | LiN as(SeO.)2-6H20 T3128 1,3 
9. Potassium lithium sulfate. p hptaadat o....| KLISO, | 1.6 1,3 
10. Resoreinol.........2.2... 0000.02 062...) CgHeOe > ' 2.6 3 
11. Rhamnose........ ole. tebepint ate pee satigd < | CeHi1205-H2O 1.2 3 
| oa are ee oe 0.17 
12. Scolecite.............. alae ha Aoeerer -CaAl.8i3010°3H2O - 0.33 3 
13. Strontium ditartrate tetrahydrate east led Sr(HC.H.06¢)2-4H20 | 0.24 1 
| ! a: | 2.7 | 4 
14. Tartaric acid eee bas de ddd ee .| CaHeOc | 2.5 183 
15. Tourmaline............. ET ET: ..| Variable | 0.35-0.44] 1 


The pyroelectric constant is defined asp = C2). where D is the electric displacement and @ the 


temperature. The units for p are coulomb/ meter? fae (rationalized mks). :The listed numbers have 
to be multiplied By 1075, ney. include both the true and the false pyroeffect. 


References 


1. Ackermann, W.: Ann Physik 46, 197 (1918). 
2. Curie and Curie: Compt. rend. 94, 383 (1880). 
3. Hayashi, F.: Dissertation, Gottingen, 1912. 
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5d-6. Ferroelectric and Antiferroelectric Properties 


TABLE 5d-18. FERROELECTRIC CRYSTALS 
a a ee areata me Seen 


Small-signal dielectric 


Struc- Ferro- Curie Max spont. const at room temp. 
Substance Formula pure'e electric | point, polarization, 
: room g = coulomb/ 
. temp. aa x meter? 
€a/eév eb/év €c/ev 
Heavy rochelle salt...... KNaC«H2D206°4D20 | monoc. a 308 upper, | 0.37 & 10-2 | 2,300 9.4 9.8 
251 lower | at 279°K at Oup 
Lithium ammonium tar- | LINH.C«HiOc'H2O0 orthorh. b 106 0.21 X 107-2 7.2 8.0 6.9 
trate monohydrate at T< 0 
Lithium thallium tartrate | LiTICsH«e-H20 orthorh. a 10 0.14 K 10° 
monohydrate at T< 0 


Rochelle salt............! KNaC4Hi06-4H20 monocl. a 297 upper, | 0.24 * 10-2 | 4,000 10.0 9.6 
255 lower | at 276°K at Oup 


MAG cosh lee a ee CsDe2AsOx tetrag. c 212 
Cesium dihydrogen arse- 
Wales tes CsHeAsO« tetrag. c 143 
Potassium dideuterium 
arsenate.............. KD2AsO4 tetrag. c 162 
Potassium dideuterium KD2PO. tetrag. c 213 4.8 X 10-2 88 88 90 
phosphate at T< 6 
Potassium dihydrogen KHeAsO. tetrag. c 97 5.0 X 10-2 62 62 22 
arsenate at T<K< 0 
Potassium dihydrogen KHe2PO. tetrag. c 123 4.95 X 10-2} 42 42 21 
phosphate at T< 0 
Rubidium dideuterium 
arsenate.............. RbD2AsOu tetrag. c 178 
Rubidium dideuterium 
phosphate............ RbD2PO« — tetrag. c 218 
Rubidium dihydrogen 
arsenate.............. ‘RbH2AsOx tetrag. c 111 
Rubidium dihydrogen 
phosphate............ RbH2PO, | tetrag. c TAG! Il) cetchen tee 35 35 22 
Barium titanate......... BaTi03 tetrag. c 393 26 X 1072 =| ~5,000 |~5,000| ~160 
at 296°K . 
Cadmium niobate .| CdeNbeO7 cubic Sos 185 1.8102 | ...... ~310 
(ceramics) . at 100°K 
Lead metaniobate 
(ceramics)............ Pb(NbOs)2 orthorh. due BAS hehe eeciced ~280 
Lead titanate (ceramics). .| PbTiO: tetrag. c 168°. i cutee ~50 
Lithium niobate......... LiNbOs trigonal c 
Lithium tantalate........ LiTaOsz trigonal ann] eee ee eee 28 KAO | scene | eed ~40 
at 723°K 
Potassium niobate....... KNbOs orthorh. c 707 3.78 KX 10-2] ...... |... ~500 
-_ at 683°K 
Potassium tantalate...... KTa03 cubic c TS! Teese tee lp tatiggey MW stseetons ~500 
Sodium niobate.......... NaNbOs orthorh. c <64 | ool... 76 76 ~670 
Tungsten trioxyd........ WOs triclinic ans 983 
Guanidine aluminum C(NHe)sAl(SQO«)2° trigonal a ree es 0.35102) 5 5 6 
sulfate hexahydrate 6H:20 at 296°K 
Guanidine chromium C(NHe2)sCr(SO4)2° trigonal C We eeeilse 6.36 102| 5§ 5 6 
sulfate hexahydrate 6H:0 at 296°K 
Guanidine gallium C(NHe) sGa(S04)2- trigonal Gi, AP idence 0.36 X 1072 5 5 6 
sulfate hexahydrate 6H:20 at 296°K 
Guanidine vanadium C(N He) 3V(S04)2- trigonal Ge Wed aeeaeee 0.36 & 10-2 


sulfate hexahydrate 6H20 at 296°K 
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TaBLE 5d-18. FeRrortectrric Crystaus. (Continued) 


_ eect 


Small-signal dielectri> 
Max spont. 


Struc- Ferro- Curie aks const at room temp. 
aoe.” ture at ; : polarization, 
Substance Formula electric}. point, 
room . - coulomb/ 
as temp. | °°.) ia meter? ; 
. €a/€x : €b/ev €c/€v 
Guanidine aluminum C(NHe) 3Al(SeO.)2-_—‘| trigonal Oo. ON elected 0.451072} 5 5 6 
selenate hexahydrate | 6H20 at 296°K 
Guanidine chromium C(NHe)3Cr(SeO)2* | trigonal Oo (ies ward ceed 0.47 10°2| 5 & | 6 
selenate hexahydrate 6H20 at 296°K 
Guanidine gallium C(NH:2)sGa(SeO.)2* | trigonal Samak eee eae 0.47 xX 1072) 5 io) 6 
selenate hexahydrate — 6H20 at 296°K 
Deutero guanidine C(ND2) sAl(SOx)2° trigonal | c |....... 10.35% 107) & | 6&6 | 6 
aluminum sulfate 6D20 | at 296°K { 
hexadeuterate as 7 | 


TABLE 5d-19. ANTIFERROELECTRIC CRYSTALS 


Small-signal 
dielectric const 
at room temp. 


Transi- | 
tion 
temp., 


Struc- 
ture at 
room 
temp. 


Formula 


Substance 


| €a/ev | eo/év | €e/€r 


| | | ee fl 


Ammonium dihydrogen | 


AESENAC 2caace wee Ses NH.HeAsO, | tetrag. 216 75 | 75 | 12 
Ammonium dihydrogen ee - - | 
phosphate............. NH,H2PO, tetrag. 148 56 | 56 | 15.5. 


Ammonium paraperiodate. 


(NH,4)2H3IO¢ | trigonal 251. | 148 | 148 | 180 
Deutero-ammonium di- | 2 


_ deuterium arsenate..... ND.D2AsO, orthorh. 304 
Deutero-ammonium di-_. 
deuterium phosphate. .. NHiD.PO, tetrag. 243. | 73 73°) 22.5 


Deutero-ammonium para-~ 


periodate...... a ee (ND,)2D31IO¢ |i trigonal 266 


Lead hafnate (ceramics)..| PbHfO; | tetrag. 488 |. 90. 
Lead zirconate (ceramics) .| PbZrO; orthorh. 506 =680-- 
Silver paraperiodate (pow- | — | rk ae ic Bg eS 
MOT Ys aden mae etn .......| AgeHsIOg | trigonal 227 | | 57 


Sodium niobate. .... .....| NaNbO; orthorh. 911 76 | 76 | 670 
Sodium tantalate........ .| NaTaQOs orthorh. ate. | : 


oe. Properties of Semiconductors | 


R. L. SPROULL 


~ Cornell University 
5e-1. Energy Gap. The energy gap &, is the minimum energy required to excite 
an electron from the normally filled (valence) band to the normally empty (conduc- 
tion) band: ‘The ‘“‘thermal”’ &, is determined from data on electron and hole concen- 


trations (n and p, respectively) in thermal equilibrium at temperature T°K. Fre- 
quently both n and P Be eubie centimeter are measured and the expression 


np = 2.33 X 102 ey T® exp (—&,/kT) (5e-1) 


is used to obtain &,. Mn and m, are the effective masses of electrons and holes m is 
the free electron mass, and k is the Boltzmann constant. If 8, varies linearly with T. 
the slope of log np vs. 1/T gives the value of & at 7 = 0°K. Many of the values of 
&, tabulated in Table 5e-1 are obtained in less direct ways than by use of Eq. (5e-1). 

The “optical” & is the minimum energy required to excite an electron from the 
valence hand to the conduction band by an allowed optical transition. It is generally 
greater than the thermal &. It is usually determined by measuring the optical 
absorption constant as a function of photon energy, but it can sometimes be inferred 
from photoconductivity or other measurements. In determination by optical absorp- 
tion, the absorption constant should be at least 105 cm! in order to be sure the 
transition is allowed (‘‘forbidden”’ transitions can produce absorption constants of 
the order of 10 to 10* cm-! in imperfect crystals). There should be good theoretical 
arguments that the observed absorption is not caused by exciton production, or else 
the exciton binding energy should be computed and added to the optical absorption 
threshold energy. These requirements have rarely been met. The optical §, values 
in Table 5e-1 are intended primarily as estimates, and the original literature should 
be consulted to determine their reliability. 

5e-2. Mobility of Current Carriers. The mobility » of a hole or electron is Abe 
drift velocity per unit electric field. It can be measured directly on materials with 
sufficiently long minority carrier lifetime +. Table 5e-2 gives values from carrier 
injection, time-of-flight measurements of wu, (electrons) and pp (holes). 

The “Hall mobility” yn'™ or up) can-be measured on a much wider group of 
materials. The Hall effect is the transverse field E, produced when a current of cur- 
rent density J, is flowing in the z direction and a magnetic induction B is present in the - 
z direction. If the specimen is long and thin enough so that the shunting effect of the 
electrodes can be neglected, the Hall constant is defined as 

k= Bo (5e-2) 
If the conductivity is exclusively by electrons, 
Ro = px |  Be-3) 


where a is the electrical conductivity. Expressions similar to this and to the following 
equations can be obtained for conduction exclusively by holes if up, Hp, and p are 
substituted for un‘, un, and n, respectively. : 
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TaBLe 5e-1. ENERGY GaP &, 


Material Measurement fe Ge, Ref.* 
C (graphite) (P) T ~0 1 
Ge T 0.785-0.00037 | 2 
T 0.75-0.0001T |3,4,5 
O 0.72-0.0001T | 6,7 
P (black) (P) T 0.4 | 8 
Se (amorph) O ~~ . 9, 10 
Si T 1.21-0.00047 11 
(P) O 1.35-0.00047 | 5, 12, 13 
Sn (gray, a) (P) T 0.08 | 9, 14, 15, 16 
Te T 0.33 17 
O 0.32 and 0.37 18 
AlSb (P) T 1.6 19, 20, 21 
(P) O 1.67-0.00047 21, 22, 23 
BaO O 4.2 24 
CdS T 1.6 25, 26 
O 2.4 27, 28 
CdSe O 1.8 | 27, 28 
CdTe O 1.4 28 
Cu.0 (P) T ~1 29 
GaAs O 1.45 - 23 
GaSb T 0.80 | 30 
O 0.71 | 23, 30 
InAs T ~0.5 31 
(P) O 0.35 23 
InP O 1.25 32 
InSb T 0.23 33 
O -0.23-0.00027' |.33, 34, 35, 36 
Mg.Ge (P) T 0.55 37 
M¢g:Si (P) yi 0.7 | 37 


ce 
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TaBLE 5e-1. ENerRay Gap &, (Continued) 


—_—_—— LC Ce eens 


Material Measurement 89 Ref.* 

Mg.Sn T 0.26 37, 38, 39 
O 0.24 38 

PbS T 0.37 | 40 

| O 0.3 +0.00047 | 41, 42 

PbSe O 0.14 + 0.00027 

PbTe O 0.18 + 0.00027 

SiC (P) / an (Petey ees ree 

TiO. i 3.7 
Oil eee ee Se ow 

UO: (P) - T 02 

Zns O 3.6 

ZnO - O 3.37-0 .00087' 


The tabulated values are in electron volts and should be multiplied by 1.60 XK 10-!* to obtain values in 
mks units. The data are for single crystals unless (P) appears in the first column. Thermal values 
are designated T and are for 0°K unless the temperature dependence is given. Optical values are desig- 
nated O and are for room temperature unless the temperature dependence is given. Optical values 
should be considered as only estimates. ~~: 
. * References are on p. 5-164. 


TaBie 5e-2. Drirr MOBILITIES un AND pp 


Electrons 


Material 3 Ref. 
Mn f, °K Mp T, °K 
Ge 3,900 300 1,900 300 1 
3.5 x 1077-1.6 200-300 9.1 X 1087-2.3 170-300 1 
Si 1,200 300 500 300 2 


4.4 X 1067-15 170-300 2.4 X 1087-23 150-300 | 2 


_The tabulated values are in cm?/volt sec and should be multiplied by 10-4 to obtain mobilities in mks 
units (m2/volt sec). The data are for single crystals with a room-temperature conductivity less than 
0.1 mho/cm. 


References for Table 5e-2 


1. Prince, M. B. Phys. Rev. 92, 681 (1953). 
2. Prince, M. B. Phys. Rev. 98, 1204 (1954y. 


The Hall effect is sometimes described in terms of the ‘Hall angle” @ which is the 
angle through which the equipotential planes in a long rectangular specimen carrying 
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a current are tilted when a magnetic induction B is applied normal to the direction of 

current flow. For conduction exclusively by electrons “7: 
6=p,.)B- | (5e-4) 


For simple metals and ‘highly doped”’ (degenerate) semiconductors in which the 
energy of an electron or hole is a spherically symmetrical function of the momentum k 


bn = pn) (5e-5) 


The conductivity o of a semiconductor containing only electron carriers and with n 
carriers per unit volume is 


o = neun (5e-6) 
Combining (5e-3), (5e-5), and (5e-6) gives 
ne Rae (5e-7) 
ne 


For semiconductors in which the energy of an electron or hole is a spherically sym- 
metrical and single-valued function of the momentum k and in which the temperature 
and purity are high enough so that thermal scattering predominates, : 


pr = 2 Ln (5e-8) 
: | 3n 1 
and | R= Cer | (5e-9) 


Many reported values of mobility determined by Hall-effect experiments are the 
product of 8/3m and the observed Hall mobility. The values of un‘ reported in Table 
5e-3 are simply the observed Hall mobilities, since in most solids the validity of Eq. 
(5e-8) has not yet been established. | | 

The above equations are all written in mks units, in which » and yw) are in m? /volt 
sec and R is in m3/coulomb. It is convenient to have expressions in practical units: 
cm, volt, gauss, coulomb, and sec. In these units u and »” are in cm2/volt sec and R 
is in cm*/coulomb. The expressions replacing Eqs. (5e-2) and (5e-4) are 


_ 10°F, 
| = By. (5e-10) 
and 6 = 1078u,9B | (5e-11) 


‘The diffusion constants D, and D, for electrons and holes can be calculated from the 
mobilities uz, and up by the Einstein relation: 


D, = a Bn (5e-12) 


If T= 300°K, D,, = 0.026un. If un is in cm?2/volt sec, D, from this equation is in 
cm?/sec; if u, is in mks units, D, is in m2?/sec. 
5e-3. Representative Conductivity Values. In general the conductivity is 


o = e(nun + ppp) | (5e-13) 


_ For intrinsic conduction, n = p. In most practical cases either n > p (‘‘n type”’) 
or p > n (“ptype”’). Since o depends so sensitively upon the concentration and kind 
of intentionally added chemical elements (‘‘impurities” or “doping agents’’), only 
a few typical values can be given. | a a 
5e-4. Binding Energies of Carriers to Donors and Acceptors. Chemical additives 
or physical imperfections (vacancies, interstitials) create localized energy states 
which can provide free carriers or can trap free carriers. These are of two kinds: 
1) “donors,” or “hole traps,’ which can release (donate) an electron to the conduction 
or valence bands; 2) ‘‘acceptors,’’ or “electron traps,”’ which can remove (accept) an 
electron from the conduction or valence bands. The binding energy of an electron 


SEMICONDUCTORS 5-161 


TaBLE 5e-3. Haru Mosinities pp\® and pp) 


Electrons Holes 
7 Material 7 T, OK ne an T. °K Notes| Ref.* 
C (graphite) (P)| ~10' | 300!  ~10° | 300 |... \n,55 
Ge ; 4,200 300 | ............ |........ @ 156 
3.9 x 1077-16 |150-300] 11222222222) » 156 
mie ocaecn faa 3, 400 300. || % 157 
ie ae eta lian ane 9.5 X 1077-18 1150-300] «4 157 
P (black) (P) | ............ |....... 400 | 300 | ... [8 
Si 1,700 300 350 | 300 | © |it 
Sn (gray,a) (P)| lorr-15 | >250| ............ |.......| * | 14, 15, 16 
cn oy ere awe 600 =| 300 | ... [58 
AlSb +100 | 300 > 100 300 | ... | 20, 21 
BaO | ~5 | 700/...... eee eee eee 
Cas ~250 BW: | os ceadehants [ooisqet|, cain 126 
CdTe ~300 fo... >30 [.......f ... [28 
cu0(P) |... beeen. 70 300 | ... |60 
GaSb ~4 ,000 300 700 300 | ... |30, 61, 62 
InAs 14,000 300 1,900 | 300 | ¢ {31 
InSb _ 67,000 | 300 2,400 | 140 |... les 
; 325000 | 78 10/000 78 | * | 64 
Me.Ge ~170 | 800 |. fo. | 87 
Mg.Si ~125 300 | ............ |........... 137 
MeSn 3,500 | 100 2,000 | 100 | * |37,38 
200 273 37, 38 
PbS > 400 200; >500 | 290 | * | 43, 66 
PbSe >1,000 290| >1,000 | 290 | # |43, 66 
PbTe $1,500 2090| >1,200 | 290 | 7 143, 66 
TiO; ~0.7 300 | 0.0.0.2... 148 
ZnO 5200. | ~«300/....... a eee eee 


The tabulated values are in cm?/volt sec and should be multiplied by 10‘ to obtain yn‘ and pp 
in mks units. The data are for single crystals unless (P) appears in the first column. 
* References are on p. 5-164. 


2 For specimens with o < 1 mho/em at 300°K. 91017 to 10! carriers per cm. 

>’ For specimens with o < 0.2 mho/cm at 300°K. 43 to 10 X 1014 carriers per cm!3, 

¢ At a magnetic induction of 3,000 gauss. § unD)/ pp) = 1.2, . 

4 For specimens with o < 0.1 mho/em at 300°K. 4 w values are proportional to 7-4; pn\@)/pp(2) 


¢ For specimens with ¢ < 0.03 mho/cem at 800°K. = 2.6, 
] wn" / py(A) m 1,3, : 
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TABLE 5e-4. REPRESENTATIVE VALUES OF THE CONDUCTIVITY o 


No. of host 
. crystal 
Material wtoins-per 
em?’ 

C (graphite) 1.15 X 1023 
Ge 4.41 xX 1022 
P (black) (P) 1.31 X 1022 
Si 5.00 * 1022 
Sn (gray, a) 2.92 X 1022 
Te 2.97 X 1022 
A1Sb 3.45 < 1022 
CdS 4.04 X 1022 
GaSb 3.49 < 1022 
InSb 2.97 < 1022 
Meg2Ge 4.63 X 1022 
MeeoSn 3.86 X 1022 
PbS 3.84 < 1022 
PbSe 3.44 « 1022 
PbTe 2.96 X 1022 
TiO: 9.5 X 1022 
UOz 2.46 X 1022 


t 
No. of Door nother T 
donors or o at 
acceptors | OF 2° 290-300°K 
per cm3 ceptor | 

Intrinsic ~600 

2.5 & 105 
Intrinsic | ... | ... | 0.022 | ......0.. 
8 X 1013 As 
1.5 * 1015 As 
9 X 1013 Ga 
8 x 1014 Ga 
Intrinsic | ... | ... | cee eeaee 
Intrinsic | ... | ... | 1.57 X 1075) ......... 
5 X 1014 Ae Ro ve ONeOeE- Pw tee er ew 
5 X& 1015 As | “oe. POT '* gaueeeiics 
5 & 1016 Ag. “l; lm: Weeee.. ‘Wwaeoaveaes 
5 & 1014 B | @m@ $0.4 $ baveerscets 
5 & 1015 B | p |8.8 #3 ......... 
2 x 1016 B $j p |} 10 °° Jfu..eeeee 
Intrinsic oem hk ced. SB O00-° Pa vetevices 
2 X 1018 Sb 
6 X 1018 Al 
Intrinsic 
nee ae en eee 
1.5 X 1016 
3.8 X 1018 
5 X 1018 Gack vas WSO. > “W eertieees 
Intrinsic 
Intrinsic 
Intrinsic | ... | ... | ..eeeeeeee 
Intrinsic | ... | ... | 24 | ceeeeeeee 
Intrinsic Side’) dy? Sete OSS = beer treed bec 
3 X& 1016 Plt oe eee a ee eh ee 
8 X 1016 BS ob om Ob eee ce% 
Intrinsic ae 18 (est.) | ........ 
2X 1018 Pb 400 
5 X& 1018 Se 900 
Intrinsic sa, 4 1.8 (est.) Sere 
5 X10" Pb 
3 xX 101 Te 


1.3 X 1019 Ti 
2.8 X 109 Ti 


3 X 1018 O 


The tabulated values are in mho/em and should be multiplied by 100 to obtain o in mks 


units (mho/m.). 
p-type conduction, respectively. 


column. 


The number of atoms per cm? is included for convenience. 


* References are on p. 5-164. 
+ Parallel to c axis. 
t Perpendicular to c axis. 


n and p mean n-type and 
The data are for single crystals unless (P) appears in the ‘‘ material”’ 
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to a donor can be determined by measuring the fraction of the electrons that are 
released by the donor as a function of T (and similarly for acceptors). | 

At large donor (or acceptor) concentrations the interaction between donors (or 
acceptors) modifies the binding energy. This effect has not been studied for most of 
the substances listed in Table 5e-5. In the cases where it has been studied (some 
donors and acceptors in Si and Ge) the tabulated values are the limiting values at low 
concentrations. 


TaBLe 5e-5. BrInpING ENERGIES OF CARRIERS TO DONORS OR ACCEPTORS 


ECE? Donor Acceptor PInnng Ref.* 
crystal energy energy 

Ge . As 0.0127 Al 0.0102 71 
P | 0.0120;  #4B 0.0104 71 
Sb 0.0097 Ga 0.0108 71 
In 0.0112 71 
Au 0.15;0.5 | 72 
Co 0.25 73 

Cu 0.04; 0.25) 74, 75 
Ni 0.25 °}8#| 74 

Pt 0.04; 0.5 | 71, 75 

Zn 0.029 71, 75 
Li 0.01 | 76 
Fe 0.27 Fe 0.34 17 

Si As 0.049 Al 0.057 11, 78 

P 0.039 B 0.045 11, 78 

Sb 0.039 Ga 0.065 11, 78 

In 0.16 11, 78 

Au 0.39 11, 78 

Sn (gray, a) |Sb 0.004 Mg 0.001 15, 79, 84 
Al 0.005 15, 79, 84 

Cd8 Cl, Ga, and vacancies} 0.03 | ........ ee annie ees 26, 80 
OT Wii ee wen Maree tieg cal rel athe Me Shaner ahaha oh YD eae tad 28 
Cuz2O0 sid. ws ee a See eee a eee Cu vacancy |0.3 60 
PbS Pb 0.03 S 0.001 69 
WOe  ## itv areusGetieeumenall eetees Oxygen 0.4 | 49 

OOO. Witenes ays Loita Wigan wade Pecumeneee t | 81, 50 
ZnO Zn interstitial ic We MODs i sya eet, Seema ecee aati anantn dabiated 82 


The tabulated values are in electron volts and should be multiplied by 1.60 * 10~!* to obtain values 
in mks units. The values are for single crystals and for low concentrations of donors and acceptors. 
In the case of chemical additives (e.g., Fe, Cu) in germanium which are not from column III or column V 
of the periodic table, the energy levels introduced by the additive are measured from the conduction 
band if the additive is labeled ‘‘donor’’ and from the valence band if labeled ‘“‘acceptor."’ The deep 
levels usually appear as trapping levels rather than as donors or acceptors. 

* References are on p. 5-164. 
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5f. Properties of Nonmetallic Conductors 
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CONDUCTION IN GASES? 


5f-1. Ionization by Electrons. The rate of ionization by electrons in a gas is 
related to the “probability ”’ of ionization P;. The ‘‘probability”’ of ionization P; by 
an electron is given in Sec. (7m-1). The ionization rate >; is defined by 


n dt =p = [ por sptno du (5f-1) 


where po = 273.16p/T is the ‘reduced’ pressure in millimeters of Hg, and f is the 
normalized electron distribution function. 

1. The first Townsend coefficient a;, the number of ionizations per electron per 
centimeter path, is : | 


(5f-2) 


a/p as a function of E/p is plotted in Figs. 5f-1, 2, 3, and 4. a; can often can be 
represented by the function 


a; = AeWBP/E (5f-3) 


where A is a slowly increasing function of E/p. 
2. The number of ionizations per electron per volt is 


ae = mobili : 
1 = = oH (u = mobility) | (5f-4) 
This quantity is a function of E/p only. 

5f-2. Deionization. 1. The attachment coefficient 8 is similar to a; and measures 
the rate of attachment of electrons to neutral atoms. 


1 dn Da | 


1 Conduction in gases. 

2 Tonic conductivity in solid salts. 

3 Material taken from Sanborn C. Brown and W. P. Allis, Basic Data of Electrical Dis- 
charges, Tech. Rept. 83, Research Laboratory of Electronics, MIT, 1954. 
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Fig. 5f-1. First Townsend ionization coefficients. (A. von Engel and M. Steenbeck, ‘‘ Elek- 
trische Gasentladungen,”’ vol. I, p. 105, Springer-Verlag OHG, Berlin, 1932). 
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Fia. 5f-2. First Townsend ionization coefficients. (A. von Engel and M. Steenbeck, ‘‘ Elek- 


trische Gasentladungen,”’ vol. I, p. 106, Springer-Verlag OHG, Berlin, 1932.) 


(ION PAIRS/CM/MMHg) 


= 
p 


E/p (VOLTS/CM/MM Hg) 
Fig. 5f-3. First Townsend coefficient in COs (D. R. Young, Laboratory for Insulation 


Research, M.I.T., Technical Report 22, August, 1949.) 
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+ (1Gw PAIRS/CM/MM Hg) 


| 1500 2000 2500. 3000 ~~ 
er E/p (VOLTS/CM/MM Hg) 


Fia. 5f-4. First Townsend coefficients for benzene, toluene, and Seema [M. Valeriu- 
Petrescu, Bull. soc. roumaine phys. 44, 3 ae | 
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Fia. bf- 5. Ionizations per volt per mm Hg at 0°C for ae rare gases. “[M. J. Druyvesteyn and 
F. M. edi Pee: M. odern Phys. 12, 87 (1940) do 
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E/p(VOLTS/CM/MM Hg) 
Fra. 5f-6. Ionizations per volt per mm Hg at 0°C for neon-argon mixtures. The numbers 


on each curve give the ratio of the argon pressure to the total pressure of the mixture. 
[A. A. Krutthof and F. M. Penning, Physica 4, 450 (1937).] 


7 (1ON PAIRS/VOLT) 
(1ONIZATIONS/VOLT) 
a 


oA 
aft ti 


10 20 30 5070 100 200 "0924 020 O16 Ol2 0.08 0.04 
E/p(VOLTS/CM/MM Hg) | p/E (MM Hg/VOLT/CM) 
Fia. 5f-7. Ionizations per volt prmm Hgat  Fia. 5f-8. Variation of » with p/E for high 


O0°C in hydrogen. L. J. Varnerin, Jr.,and pressure He (C. C. Leiby, Jr., Thesis, 
S.C. Brown, Phys. Rev. 79, 946 (1950).] MIT, May, 1954.) 
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The attachment efficiency h is the number of attachments per collision 


Fo Pull Ame , (5f-6) 


Ve De 3. se 


h= 


The last expression is generally used to compute h from experimental data but is cor- 
rect only if P, (collision probability) is independent of electron velocity. 
2. The ion recombination coefficient a, is defined by 


1 dn 


od a di (5f-7) 
Its dependence on pressure and temperature may be represented by 
. | ee Pp 


where the first term was proposed by Thomson, the second by Langevin. 


TasBLe 5f-1. Raprative RECOMBINATION COEFFICIENTS 


Element a, cm?/gsec T, °K 
TAF ad naires ak 10711 
(2 eee ee 2 xX 107-10 3100 
CBirssw cee .| 3.4 X* 107° | 2000 
Het isces-cs | 2.3 X 107% 2000 


* Craggs and Hopwood, Proc. Roy. Soc. (London) 59, 771 (1947). 
t Kenty, Phys. Rev. 32, 624 (1928). . 
t Mobler, J. Research Natl. Bur. Standards 19, 447, 559 (1937). — 


TABLE 5f-2. DissociaTIvVE RECOMBINATION 


Gas a, ions/cc /sec 
1 3 (eee ie wee. 1.7 X 1078 
IN Co cont tte tety 45 3 2.1 X 1077 
Psicctsayet tenant 3 X 107 
| 6G eee eee eee 6 xX 1077 
DRO vara ik Rat he dat 2 xX 10-6 
Ne re ee ee 1.4 * 10-5 
Ons ohare ee ios 2.8 X 1077 


References for Table 5f-2. 


1. M. A. Biondi and S. C. Brown, Phys. Rev. 76, 1697 (1949). 

2. B. Holt, J. M. Richardson, B. Howland, and B. T. McClure, Phys. Rev. 77, 239 (1950). 
3. R. A. Johnson, B. T. McClure, and R. B. Holt, Phys. Rev. 80, 376 (1950). 

4. A. Redfield and R. B. Holt, Phys. Rev. 82, 874 (1951). 

5. J. M. Richardson, Phys. Rev. 88, 895 (1952). 


TaBLeE 5f-3. THren-Bopy RECOMBINATION COEFFICIENTS FOR ELEcTRONS* 
a (at 0°C and 760) Est. saturation 


alist mm), cm3/sec | pressure, mm Hg 
Helium.......... 6.8 * 10-9 2.8 & 104 
Argon............ 6.8 XK 1071 2.8 & 107-5 
Aen nial, Luke oe lee 104 
Hydrogen........ 1.6 X 107 104 


aa, ee ee 
* H. S.-W. Massey and E. H. S. Burhop, ‘‘ Electronic and Ionic Impact Phenomena,” p. 635, Oxford 
University Press, New York, 1952. | . 
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h(ATTACHMENTS/COLLISION) 


oO | 2 3 4 5 6 
E/p(VOLTS/CM/MM Hg) 


Fig. 5f-9. Efficiency of electron attachment in nitric oxide. [N. E. Bradbury, J. Chem. 
Phys. 2, 827 (1934).] : | 


£. (ATTACHMENTS/CM/MM Hg) 


E/p(VOLTS/CM/MM Hg) 


Fig. 5f-10. Attachment coefficients in O2 per unit length in direction of drift. [R. Guballe 
and M. A, Harrison, Phys. Rev. 85, 372 (1952).]} - . i 
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8x10°° 


h(AT TACHMENTS/COLLISION) 


E/)(VOLTS/CM/MM Hg) 


Fia. 5f-11. Efficiency of electron attachment in HCl in argon. [N. E. Bradbury, J. Chem. 
Phys. 2, 827 (1934).] 


3x10? 


h(ATTACHMENTS/COLLISION) 


_ E/(VOLTS/CM/MM Hg) : 


Fig. 5f-12. Efficiency of electron attachment in Cl: in argon. [N. E. Bradbury, J. Chem. 
Phys. 2, 827 (1934).] 
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h(AT TACHMENTS/COLLISION) 


0 4 8 12 16 


E/p{(VOLTS/CM/MM Hg) 
Fia. 5f-13. Efficiency of electron attachment in H20O at different pressures. [N.E. Bradbury 
and H. E. Tatel, J. Chem. Phys. 2, 835 (1934).] 


E /)(VOLTS/CM/MM Hg) 


Fig. 5f-14. Efficiency of electron attachment in H28. [N. HE. Bradbury and H. E. Tatel, 
J. Chem. Phys. 2, 835 (1934).] 


5x107* 
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Fia. 5f-15. Efficiency of electron attachment in N.O. [NV. E. Bradbury and H. E. Tatel, 
J. Chem. Phys. 2, 835 (1934).] 


 24x107* 


h (ATTACHMENTS /COLLISION) 
i 


| E/p (VOLTS/CM/MM Hg) 
Fig. 5f-16. Efficiency of electron attachment in SO. [N. E. Bradbury and H. E. Tate, 


J. Chem. Phys. 2, 835 (1934).] | 


h(ATTACHMENTS/COLLISION) | 


E/p (VOLTS/GM/MM Hg) 
Fra. 5f-17. Efficiency of electron:attachment in NH3. [N. EH. Bradbury, J. Chem. Phys. 2, 
827 (1934).] _ ponte th hae ae ales ee ee 
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Fia. 5f-18. Efficiency of electron attachment in mixtures of N.O in equal parts of No or A. 
[N. E. Bradbury and H. E. Tatel, J. Chem. Phys. 2, 835 (1934).] 
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Fie. 5f-19. Efficiency of electron attachment in NH3 and equal parts of He, A, or No. 
[N. #. Bradbury, J. Chem. Phys. 2, 827 (1934).] 


@(cmM?/SEC) 


ae uray to <2-f ' PRESSURE MM Hg. io . 
Fig. 5f-20. Recombination coefficient in air. [J. Sayers, Proc. Roy. Soc. (London), ser. A, 
169, 83 (1938).] ie % — 
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2.8x10° 


a(cm®/sec) 


PRESSURE MM Hg 


Fig. 5f-21. Recombination coefficient in air. [J. Sayers, Proc. Roy. Soc. (London), ser. A, 
169, 83 (1938).] 


4.0x 10° 


o(CM*/SEC) 


T°K 
Fig. 5f-22. Temperature variation of the recombination coefficient in oxygen at constant 
pressure. [M. E. Gardner, Phys. Rev. 58, 75 (1938).] 


5f-3. Breakdown. Voltage. At low pressures the breakdown voltage Vz is given by 
nVe = In (: — -) | (6 f-9) 
where Y= 7+ Ye | (5f-10) 


is the secondary emission of the cathode attributable to ions and/or photons. 
At high pressures the breakdown voltage by streamer formation (spark) is given by 


N, = e%4 = 387 = (5f-11) 
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(M. Knoll, F. Ollendorff, and R. Rompe, 


‘‘Gasentladungstabellen,”’ p. 84, Springer-Verlag OHG, Berlin, 1935.) 


pd(MM-MM Hg). 
ELECTRODE SEPARATION (CM) 


Fia. 5f-24. Breakdown voltage in air at atmospheric pressure. 
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Fia. 5f-23. Paschen curves for various gases. 


(M. Knoll, F. Oliendorff 


and R. Rompe, ‘‘Gasentladungstabellen,” p. 83, Springer-Verlag OHG, Berlin, 1935.) 
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Fia. 5f-25. Formative time lag for breakdown in air at low overvoltages. [L. H. Fisher and 
B. Bederson, Phys. Rev. 81, 109 (1951).] 


e e : * 
ry 


FORMATIVE LAG TIME (MILLIMIGCROSECONDS) 


APPLIED FIELD(KV/CM) 
Fig. 5f-26. Formative time lag for breakdown in air at high overvoltages. [R. C. Fletcher, 
Phys. Rev. 76, 1501. .(1949).] . | 


Time Lags. The formative time lag é; is the time necessary for the initial current I 
existing before breakdown to build up to an observable current Ji. 
For the Townsend mechanism 


log (M = UIi/Io 


ty= ty log M (5f-12) 


where ¢, is the transit time for the slowest particle (ion or electron) and the multiplica- 
tion factor M has the value M = y(e7” — 1). 
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For the streamer mechanism 


t, = log Ne 
ae se apy 


| Sto (5-13) 
5f-4. Electron Energy Loss 
100% 
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~ E/p(VOLTS/CM/MM Ha) 
Fra. 5f-27, Distribution of electron energy losses in neon. [F. M. Penning, Physica 4, 286 
(1938).] | 
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Fia. 5f-28. Distribution of electron energy losses in argon. [F. M. Penning, Physica 4, 286 
(1938).] | 
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EXCITATION 


FRACTIONAL ENERGY LOSS 


E/p(VOLTS/cm mm) 
Fig. 5f-29. Fractional energy loss in He. 


E,/p VOLTS/CM MM Hg 


Fria. 5f-30. Various power losses of an electron in a microwave discharge in helium, in 
percentage of input power. [F. H. Reder and S. C. Brown, Phys. Rev. 95, 885 (1954).] 
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——e £ (cm) 2.05=R 
Fig. 5f-31. Electron temperature and gas temperature of a discharge as a function of tube 
radius. (W. Elenbaas, ‘‘The High Pressure M ercury Vapour Discharge,” p. 40, North 
Holland Publishing Company, Amsterdam, 1951.) 
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5f-5. Discharge Characteristics 


TABLE 5f-4. NorMAL CaTHopE Fait In VOLTS 


Cathode Air | A | He | He | Hg | Ne | Nz O2 | CO | CO2} Cl 


eee eS | Ba | ee ee eS | Sa Pe | ee ape ee ee 


Al.............| 229 | 100 | 140 | 170 | 245 | 120 .| 180 | 311 

1 a ee 280 | 130 | 162 | 216 | 318 | 150 | 233 | 

AAAS 2p Sees eaters tee 285 | 130 | 165 | 247 |... | 158 | 233 

Ba.........--. | 93) 86]... |... |... | 157 

Bi.............| 272 | 186 | 137 | 240 |.... | ... | 210 see 

Oe hn Seta eet te Week Oh hae AO WATS WV onc Lowa Gad p28 

ORs bind Au ciateaes | 93} 864... |... | 86 | 157 

Cae asec 2 266 | 119 | 167 | 200} ... | 160 | 213 |, 

(ee nae 380 , a 

Tice 2b uiee aces 370 | 130 le 177 | 214 | 447 | 220 | 208 | ... | 484 | 460 
Fe.............| 269 | 165 | 150 | 250 | 298 | 150 | 215 | 290 
Agicdecastaes eee eee 142 | ... | 340 | ... | 226 

| eee eee 380 eine | 

| Gee ree 180 |. 64 | 59 | 941]... | 68] 170] ... | 484 | 460 
Mose cahath awe beg Me fec twat ll cig. doer d LO | 

Me acdvnsda vee 224 | 119 | 125 | 153)... | 94] 188 | 310 

hs ee ee 200; ... | 80| 185]... | 75 | 178 

Ni.............} 226 | 131 | 158 | 211 | 275 | 140 | 197 

Phi As aeesenceaes 207 | 124 | 177 | 223 | ... | 172 | 210 

| o's eee 421 : 

Pt.............| 277 | 131 | 165 | 276 | 340 | 152 | 216 | 364 | 490 | 475 | 275 
Sb.............} 269 | 186] ... | 252)... |... | 225 


Gn.............]| 266 | 124] ... | 226]... |... | 216 


TABLE 5f-5. NorMAL CaTHODE FaLu THICKNESS 
(dnp in cm-mm Hg at room temp.) 


0. 
0. 
0. 
0. 
0. 
0. 
QO. 
0. 
0. 
1. 
0. 
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TaBie 5f-6. Norma, CatnopeE CuRRENT Density In a Giow DIscHARGE 
(ua/sq em X mm sq of Hg at room temp.) 


Cathode Air A H, He Hg Ne O2 Ne 
| eee ee eee eee 330 90 4 
Au 570 110 
Oise exc toh stews auc 240 bute 64 15 
Bic ced ce ae 160 72 2.2 8 400 6 
NEE cs. xen in anaes. — 20 3 5 
EU boos eal Goons 150 90 5 380 550 18 


TaBLE 5f-7. Spurrerep Mass IN MIcROGRAMS PER AMPERE-SECOND FOR 
METALS IN HypROoGEN 


IONIC CONDUCTIVITY IN SOLID SALTS 


5f-6. Conductivity for Pure Ionic Conductors. For many ionic salts it has been 
established by transport measurements that the conductivity observed at high 
temperatures is caused exclusively by the motion of ions. This motion is possible 
because of the existence in the crystal of a small number of ionic defects—vacancies 
where ions are missing from normally occupied positions and ions in interstitial] posi- 
tions in the structure. Two combinations of such defects have been observed. 
Schottky defects, occurring in the alkali halides, consist of equal numbers of positive 
and negative ion vacancies. Frenkel defects, occurring in the silver halides, consist of 
equal numbers of positive ion vacancies and interstitial positive ions. 

It is usually observed that for a certain temperature range below the melting point 
the conductivity is characteristic of the pure substance. At a temperature several 
hundred degrees below the melting point, the actual temperature depending on the 
particular specimen, there is a sharp break in the dependence of conductivity on tem- 
perature, and at lower temperatures the magnitude of the observed conductivity 
varies considerably from specimen to specimen. This behavior is explained by sup- 
posing that at high temperatures the number of defects is determined by thermal 
equilibrium, whereas at lower temperatures the number of defects may depend on the 
amount of impurity present. Hence it is to be understood that, wherever two distinct 
temperature ranges are given for the same substance in Table 5f-8, the conductivity 
in the lower temperature range is probably related to the presence of impurities. 

The conductivity can be determined by passage of direct current through the sample 
if sufficient precautions are taken, but more recently most measurements have been 
made either with current pulses of the order of 0.01 sec duration or alternating currents 
with a frequency in the neighborhood of 1,000 cps. In most cases a plot of log o vs. 
1/T is approximately a straight line, especially for the high-temperature range, indi- 
cating that the conductivity can be represented as 


o =o) exp (—W/kT) (5f-14) 
where & is the Boltzmann constant and T is the absolute temperature. W, the 
activation energy, and oo are determined experimentally and are listed in Table 5f-8. 


The conductivity at the melting temperature has been calculated from Eq. (5f-14) if 
it is not given in the literature. 
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TABLE 5f-8. Conpuctiviry FoR PuRE Ionic CONDUCTORS 


220-400 


Li (TL) 


Pe eens 


Ll 


E1 (J6) 


Bi (T1) 
Li (V1) 
P1 (82) 
P1 (H5) 


Li (T1) 
Pl 
Pl 


Ll 
Pl 
Pl 


Ll 


— 


Ww4 


Li (T1) 


P3 
P3 
B7 


Substance T, °C 
LiF *  #| 842 | 38 (8) |....----. 
* eee ef @ @ © @ @ 

Licl * | 606 | 1.0(—2) |...--...-. 
* eee © © 8 © & 
400—550 

30-350 

LiBr * | 550 | 1.8(-2) |....----. 
350-500 

30-300 

Lil * | 452 | 5 (-—2) |....-..-. 
250-350 

30-150 

NaF * | 992 | 1.7(-—38) |...-.---- 
330-980 

NaCl * 250-450 
- 550-680 

- eee © © © © © @ 

* 560-800 

* 370-560 
NaBr* | 735 | 1.8(€—-3) |...-.---- 
600-730 

250-400 

Nal * | 661 | 4 (3) f....----- 
350-600 

170-350 

KF * #+|| £846 | 8 (-—4) j..------- 
KCl *  £#| £768. | 2.0(—4) j.......-- 
. 600-725 

. 500-725 

- 250-450 
220-560 

KBr * | 728 | 2.0(—4) |..------- 
500-725 

250—400 

40-440 

KI * &2| 680 | 1.5(—4) |....----- 


Ll 
P3 
P3 
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TaBie 5f-8. Conpuctiviry ror Pure Ionic Conpucrors (Continued) 


Substance 


RbCl * 


RbBr * 


SrF. 
BaCl, 
BaBr2 


Na2CdCl, 


K.BaBr, 
CuCl 
a-CuBr | 


6-CuBr 


a-Cul 


AgCl 


AgBr 


a-AglI 
B-AgI 


a-AgoHegl, 


TIC 
TIBr 
Til 


ZnCle 
CdCl 


ee ec e ee Bw 


ee 6 & @ we 6 6 & 


eee © & © & wo 


1.5(—3) 


sa e©@ e ¢ we © eH & 


50-93 


SN | TCS hit fren free eree trypan fg eeepc 


» @¢ @ we ee 8B BH 


eo © © me ew ew we ew ew 


390-750 


230-350 | 


315-404 


470-491 
470-488 
391-470 
421-470 


eo bP be & be we 


« ka ee Oe Se 


Cr 


ee © © @ we © ee 


250-419 
290-410 
200-290 
300-410 
175-300 


145-555 


125-144 


ee © © we oe & 


ee © ee ew ee 


90-163 


eo ee we we ee 6 


| NA caewenerenneseentnes | sneer jenn h ee apres nee —veesnierenrere | cyte mererenenen 


ta tl ret nteneteenintincinnnts | annrpennpnemnyremmrevereinenesateesnpyeyenen ease fee 


saan rn ceemmemmemnmemmneeme (Grreententereee team eet SS ee 


ES | Ree See eerie, sry e-paper near 


Ne) oo on 
SSFSERSSB 


a 2 © © 6 


Ref. 


nent terete’ Ummemmmmmmnsmnens mmnannee enact eee eS ee (eee eee 


L1 


-L1 


bn enone (enemy temeearmenmee semana) tenn SS ee Sen 


Cl 
(VT) 
J2 


ne enenneeneel Cereal Geen emecnemmmnemmmmnnn’ banner  S eS 


J2 
J2 


inant eneneeeel Greene enanettttl Sammnnanmmmentieneneanmmememet freeman, nS (ee ee 


T9 
Gl 
T9 
Gl 


T18 


K4 
Li 
T12 


K4 
Ll 
T12 
K5 
K5 
T2 
T2. 


T12 


T12 


K2 


Li (T12).. 


P3 


L1 (T12) 


P38. 


P3 (T12) 


P3 


eee beeneeeeemeenel Wemmmmmmnenemmmnemmccenemmemmnnmnd Tannen corre rare TT EIN 


(BS) 
J2 (BS) 
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TaBLE 5f-8. Conpuctiviry ror Pure Ionic Conpucrors (Continued) 


Substance | Tm, °C o(T'm) T, °C a WieV) Ref. 
HgCl. Sige Shang BEM eA! opt ee cog tl ge, is ieee tas Sg de: GN) Coleco arvevter esactants: i cec B™ ld , eke ceniis (H3) 
Hebe. 6 . eseesgkel ooouss tes leteaeacd wEAw eee enee 5! Veade (H3) 
Hel, (21M Rae IO GNA She GS Oe ee oe ah ee ee, Bree Bs ees (H3) 
SHCls «ss Hijet ween Ie awateel Deese eee esl Seek (K3) 
PbCl, : © 500 DO: AHO): Nocewentes 1.4 0.47 G5 

5 (—3) 100-450 6.6 0.48 S3 
PbBr2 373 3 (—3) | 200-300 5.7 (1) 0.55 S1 
PblIe 402 3 (—5) | 275-375 1.2 (5) 1.29 S3 | 
150-275 9.8 (—4) |.0.41 S3 | 
|| (ler rene 1 ¢(—5) | 270~-400° 2.1 (4) 1.24 S4 
sai Om ae eee 9 (—5) | 180-370 | 48  (-—2) | 0.38 | S4 | 
La2O; "2S. lakes ns Han 1000-1300 3.8 (3) .94 C2 (F2) | 
. ‘700-1000 5.0 (1) 1.46 C2 
500-700 3.5 (—5) | 0.27. | C2 
CeO. 1950" bch newsdb's 900-1300 3.0 (8) 1.45 C2 (F1) 
i 600—900 9.7 () 1.10 C2 
| 300-500 5.0 (-—4) | 0.26 C2 
Prey * Wieeitesc alll 2 eather Uebel ene eee ee, wea Sa (F2) 
NasOs > Wieke ducts) 2ecceewew lated ote) Boeteed tee Wee ees (F2) 
Sm.0O; scot tfelad Poe ca atenie tec iby. mein ee arte a at Boater aind ge ek She Be (F2) 
GeO. PLO: {Sateen se 950-1080) 5 | 1.41: | J4 
MgAl,O.ut 2150). (bug54 ees 900—1060 2.3 (-1) | 1.23. | J3 
THAW gad few dd' ovo reek ee 1000-1140] 2.1 (—2) | 1.08 | J3 
MgeSiOut | www ee | ee eee 940-1160 1.5 (-—2) | 0.83 | J4 
Mg.GeO, | : . 
(rhomb:) flange ees) She bake ss 1070-1150) 5-6 1.65 J4 
(cub.)f $F: 1065: Ps. e es aes 1000-1040) 2.0-2.5(-—2) | 0.97 J4 
BaMoO gy }2o.esue |? Hee Sees 800-1050 6 (-—1) | 1.10 | Jl 
CaWwoO,t rere ae ee ee re eer Ee eae eee (J1) 
SrWO,zt Seep tend koh TE wea lawned: ee ee eae ge ate eae. UL) Ga eo (J1) 
BawWOit “bietensci ) eatatedes 980-1120} 1.4—-1.8(2) 1.83 J1 
830-980 | 1.7-2.3(—2) | 0.86 Jl 
Caw Og: « ~Vseeuesvel) cone owes 760-1090! 2-5 (3) 1 1.90 J1 


Conductivity = ooexp (— W/kT). 
perature. Where no temperature interval is indicated, it is to be assumed that the data apply to a cer- 
tain temperature interval near the melting temperature. * indicates that measurements were performed 
on single crystals, Numbers are written as3(—3) = 3 X 10-%, References are on p. 5-195. Additional 
#eferences, enclosed in parentheses, refer only to the indicated substance, not to any particular data. 

| Parallel to c axis. t Conductivity is at least partly ionic. 
ad. Perpendicular to c axis. t Conductivity is probably electronic. 


Conductivities are expressed inohm-!cm-!._ 7m = melting tem- 
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6f-7. Density and Mobility.of Defects for Pure Ionic eon cnctorey The con- 
ductivity of a crystal conteinne several types of aati is be ey A 


o=N 2 Cj jm; | a 7 (5f-15) 


where N is the number of molecules per unit volume of the re crystal and e; is the 
magnitude of the charge, x; the mole fraction, and’ uj; the mobility of the jth type of 
defect. By measuring the conductivity of specimens containing known small amounts 
of impurities, it has been possible to evaluate separately the mole fractions and 
mobilities involved. In experiments of this type concerning the alkali halides it is 
usually observed that‘only the cations contribute appreciably to the conductivity ; 
this observation is approximately in accord with the transport measurements except 
at the highest temperature (see Table 5f-10). For the pcher salts a type of uetec 
is indicated in Table 5f-9. 


TABLE 5f-9. DENsITY AND Mosiity or Drrects ror Pure Ionic Conpucrors 


NaCl * 800 250-400 5.4 2.02 1.96(4)/T° 0.85 : El 


* | .... | 550-680 | 1.4(2) 2.42 |4:6(3)/T | 0.78 |. Bi 

ee eerie | ee eae ae ...e' 1 6.38(5)/7 0.98 | a |BL 

KCl * | 768 600-725 1.02(1) 2.08 |3.1° 0.78: ') W4, R6 
AgCl 455 | ....... 3.6(1) 1.08 | 1.2(—1) 0.26 K4 
AgBr 422 | ....... 2.9(1) 0.86 |9.5(—1) 0.36 K4 
200-290 | 1.9(2) 1.19 |1.5(2)/T | 0.20 K5 
| 1.9(4)/T | 0.48 | Kd 
175-350 | 5.3(2) 1.27 |6.1(—2) 0.15 T2 
1.83 0.36 T2 
SrF, 1190 | 450-700 | 3.9(—2) |} 0.65 |3.5(1) 1.04 € Cl 


Mole fraction of defects z = xo exp (— E/2kT). Mobility » = po exp (— U/kT) in cm? volt~! sec 1, 
Numbers are written as 6.1(—1) = 6.1 X 10-1. * indicates single crystal. References are on p. 5-195. 

@ u(cation vacancy). 

®’ Assuming (Ag vacancy) = u(Ag interstitial). 

¢ n(Ag interstitial). 

4 u(Ag vacancy). 

¢ Assuming »(F vacancy) = u(F interstitial). 


The temperature dependence of the mole fraction and mobility can be represented 
satisfactorily by equations similar to Eq. (5f-14) for the conductivity. 


x = 2) exp (—E/2kT) 


= wo exp (—U/kT?) (5-16) 
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E ig the energy required to form a pair of defects and U is the height of the potential 
barrier a defect must overcome to move one interionic.distance. Notice that when 
only one type of defect contributes to the conductivity, the activation energy in Kq. 
(5f-14) should be given by W = 3H + U. Equations (5f-16) are the forms to be 
expected from the theory, except that yo should vary as 1/7’. ‘This variation is usually 
obscured by the exponential factor in yu. 

6f-8. Transport Numbers. The transport number é; of the jth type of defect is 
the fraction of the total current carried by that type of defect. By the performance 
of electrolysis experiments in which several disks of the material are present and the 
determination of the relative changes in weight of the various disks, the transport 
numbers in Table 5f-10 have been obtained. The amount of variance of different 
observers, e.g., for NaCl, indicates that the results of such experiments are not very 
reliable, 

For a number of ionic. aeetals Faraday’ s law of electrolysis i is not valid, a it has 
usually been assumed that the extent of the deviation from this law is a measure of 
the amount of electronic conductivity which is present. In Table 5f-11 transport 
numbers determined in this. way when some electronic conductivity is present. are 
given along with values of the conductivity. Occasionally this method of interpreting 
electrolysis experiments has led to incorrect conclusions, the most notable case. pene 
Ag2s. 

5f-9. Effect of Pressure on Conductivity. When the effect of high pressure is igien 
into consideration, Eqs. (5f-16) are modified to give 


zoexp[—(#H +P AV) /2kT] 
wo exp [—(U + PAV,)/kT! 


M 


(5f-17) 
be 


AV is related to the change in volume of the crystal when a pair of defects is formed, 
and AV, is related to the change in volume of the crystal which occurs when a defect 
moves from one position to another. If only one type of defect contributes appre- 
ciably to the conductivity, the conductivity should be given by an equation of the form 
of Eqs. (5f-17) with AV, = 44V + AV,. In Table 5f-12 values of the various free 
volumes are given for AgBr, and additional values of ao = —(d log o/dP) po are 
given for AgBr and AgCl. 
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TaBie 5f-10. Transport NumBers ror Pure Ionic CONDUCTORS 
(The transport number t = teat = 1 — tanion iS given) 


Substance 


NaF 


KCl 


KBr 


KI 


BaF. 
BaCl,. 
BaBr, 


CuCl 


a-CuBr 
B-CuBr 


a-Cul 
AgCl 


AgBr 


a-Agl 
B-AgI 


a-Ag eHgl 4 


PbF, 
PbCl, 


500 
400-700 © 
350-450 


315. 
366 


470-491 
391-445 


402-500 


20 
200-350 


20 
200-300 
406 


150—400 
20 


Kmiooololtoo!|aoaoacono COSCoCOORFL 
To) 
Ax 


Ss 


— 
—) 
—) 


200 


200-450 
90 

270 

484 


250-365 


COMMS 6 © 
SSNEISE8 


T5 


J10 


J10 
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TABLE ‘5f-10: Transport Numpers FOR PuRE Ionic CONDUCTORS (Continued) 


Substance TC teat (1) T teat (2) teat(3) | teat (4) Ref. 
NaCl 400 TOO li betes eee ars * 1.00 
500° © 0598)! aducs 65.468 O95. Hl aaifaaede-< (1) T19 
550 0.94 |.....-. oh = 0.99 | (2) J10 
a eee 0.75-1.00 | .... | ceeeeeee. (3) P2 
580 0292° | cead binds Suu. Ce Baked arts eae (4) J5 
600 0.90-0.95 |..... ee 0.64 0.92—-0.96 
605 ee Serer 0.55-0.59 
GIO: |) met eee 0.52-0.75 
620 0.88-0.93 | .....06... 0.77 
658 | owen. 0.36-0.38 
GAO: OW Shorten eee 0.12 
PbI, a 0.004 

194 esse 0:03.54. wicca spa weed ous (1) T5 
DOS Nera ee eed Ot? 2) ess il Bieta: (2) H4* 
255 0.39 | 0.30—0.35 
270 0.45 | 0.40—0.50 
290 0.67 |0.55-0.65 
338, See ee wees |0.79-0.85 
37/6221 22 saeseek 0.93-1.00 


References are on p. 195. 
* Calculated from diffusion data of Pb ions. 
+ Numbers in parenthesis refer to observer indicated in ref. column. 


TaBLe 5f-11. Conpuctiviry AND Transport NumsBers ror Mrxep Ionic 
AND ELECTRONIC CONDUCTORS 
(1) Total conductivity o in ohm! cm™ 


Substance Ref. 
CuCl “426 |: 210-300 ie 395 ° T7 
_ 150-210 a : T7 
| 45-110 3. T7 
y-CuBr tr. 391 250-380 5.9- 36. T9 
140—230 2. .8 T9 
240-380 ; : Gl 
y-Cul tr. 402 | 360-400. | ‘1. T10 (M1) 
6 . ( | T10 (V2) 
a-AgeS _ 179-500* .009 T15 
| 179-5004 e 0 T15 
Above 179t W3, T16 
B-AgeS 35-179* R2 


110-1797 5. : R2 
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TaBLE 5f-11. Conpuctiviry aNp TRANSPORT NUMBERS FoR: Mrxep Ionic 
AND ELEecTronic Conpuctors (Continued) 
(2) The transport number teat =-1 — lelectron iS given 


Substance | 7, °C teat Ref. 
CuCl - 18 0.00 . T7 
40 0.02 
197 0.12 
218 0.29 
225 0.39 . 
232 0.50 
244 0.78 |. 
254 0.90 
294 0.96 
300 0.98 
315 1.00 
366 1.00 
-y-CuBr 27 0.00 TS. 
153 0.02 
181 0.04 
191 0.08 
202 0.12 
223 0.14 
242 0.22 
272 0.39 
299 0.87 
308 0.92 
335 0.97 
345 0.98 
351 0.998 
390 1.00 
= 9g9, 0.00 =| Tai 
255 “0.01 —— 
300 0.25 
325 0.50 
350 0.75 
375 0:98 
390 0.997 
1400 1.00 Sa Saree 
e-Ag:S | 200 10-2-10- | J9, R5, T17, W252 
BAgS | 20 | 0.999 [T1407 
60; |. 0.93 ‘| (Ha) : 
-100t | 30.90 | | 
 150F' 0.84 — 
170 0.81 
tsulfur 
a-AgsS | 179 9 (—9) | B6 
571 6 (—5) 
694 2.2(—5) 


836 7 (-4 
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TasBLe 5f-11. ConpuctTivITY AND TRANSPORT NuMBERS FoR Mixep Ionic 
AND Exvectronic ConpuctTors (Continued) 


Substance | 7, °C 


teat 


Cu.Se 150-210 ~10-4 


~10-2-1073 T17 


o-Ag.Se 190 1.4(2)9 | T20 
p-Ag.Se 20 <10-? TS 
Cu.Te | 335-410 ~10- R1 
a-Ag;Te 190 ~1072-10-3 
B-AgeTe 20 
Cu.0 BOO! aise! -Yceas (1)G4 
900 |3.5(—-4)| ...... | wees (2)D1 | 2.63.5 | G3 
1000 |5.2(-4)| 4(—4) | 5(—4) | (@)TS | 4.5-7.4| G3 
BaO g00 | ....... Bled). cocci: Ii, (wi) | 1(-5) | 85 


References are on p. 5-195. 

* In equilibrium with silver. 

+ In equilibrium with sulfur. 

¢ Ionic part of conductivity only. 
q In equilibrium with selenium. 


References for Mixed Salts 


In most cases values of the observed conductivity are the only data given. The 
number before the second substance indicates the maximum amount of the second 
substance in mole per cent. 


LiF—5 MgF,(H1); LiCl—100 KCI(B3), 5 MgCl.(H1); LiBr—5 MgBr.(H1); Lil— 
5 Megl.(H1); NaCl—100 KCI(B4), 0.25 CaCl.(B1), 100 AgCl(T6), 0.1 CdCl.(E1); 
NaBr—100 AgBr(T6); KF—100 K2S0,(B2); KCl—100 LiCl(B3); 100 NaCl(B4), 
5.3 KBr(T1), 1 SrCl.(W4,K1), 100 AgCl(T6), 100 K2Cr0,(B4); KBr—100 
AgBr(T6); SrF2—10 LaF; (C1). 

CuBr—100 AgBr(R4); Cul—100 AgI(T21); AgCl—100 NaCl(T6), 100 KCI(TS), 
100 AgBr(S1), 100 TICI(S1), 10 CdCl.(K4), 10 PbCl.(K4), 100 PbCl.(T22); 
AgBr—10 LiBr(T3), 10 NaBr(T3), 100 NaBr(T6), 100 KBr(T6), 10 CaBr2(T2), 
10 CuBr(T3), 100 CuBr(R4), 10 AgCl(T3), 100 AgCl(S1), 10 AgI(T3), 100 AgI(T12), 
10 ZnBr,(T2), 0.1 CdaBr2(K5), 10 CdBre(K4), 40 CdBr.(T2), 10 PbBr2(K4), 20 
PbBr.(T2), 100 PbBr2(T22), 1 Ag:8(T4), 1 CdS(T4), 1 PbS(T4) ; AgI—100 Cul (T21), 
100 AgBr(T12), 100 PbI.(T22); TICI—100 AgCl(S1). 

SnCle—100 PbCi.(B3); PbCl—100 AgCl(T22), 100 SnCl.(B3), 100 PbBr.(S1); 
PbBrx—100 AgBr(T22), 100 PbCl2(S1); PbJ2—100 Agl (T22); CeO2—30 La20;(C2). 
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TaBLE 5f-12. Errect or PRESSURE ON CoNnDUCTIVITY 
- (1) Values of ay = —(d log ¢/dP) at P = 0 
ee 


Sub- Temp., Pressure, Qo, Ref 

stance °C kg cm-2 cm? kg~! ; 
AgCl 300 0-300 2.5 X 1074 J8 
256-313 0-300 2.9 J7 

AgBr 300 0-300 3.5 J8 
243-290 | 0-300 3.2 J7 

202 0-8 , 000 1.19 K5 

251 0-2 , 500 1.19 K5 

289 0-2 , 500 1.23 K5 

377 0-2 ,000 1.44 K5 

406 0-1 ,000 2.02 K5 


(2) Values of free volume of formation and of mobility for AgBr, 202-289°C, | 


0-8,000 kg cm? (K5) 


: AY, 
| Quantity cm? mole! 
a i 
Formation of Frenkel defects............. 16 
Mobility of silver ion vacancy............ 7.4 
Mobility of interstitial silver ion.......... 2.6 
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og. Properties of Metallic Conductors 


STEPHEN J. ANGELLO 


| : Westinghouse Electric Corporation | 

5g-1. Per Cent Conductivity, Definition. The per cent conductivity of a sample 
of copper is calculated by dividing the resistivity of the International Annealed Copper 
Standard at 20°C by the resistivity of the sample at 20°C. Either mass or volume 
resistivity may be used. If another metal resistivity is expressed relative to copper, 
mass or volume resistivity must be specified. This use of per cent onduceiy Is, 
however, not recommended. 

5g-2. Resistance of Copper as a Function of Temperature. On the asia of very 
careful measurements! it has been found that the 20°C temperature coefficient of a 


sample of copper is given by multiplying the number expressing the per cent con- 
tae by 0.00393. For example, for 100 per cent conductivity 


7 R, ~ Roo 
a20 = 0.00393 4 Rao(t — 20) 


where ¢ is the temperature in degrees centigrade. The relation above hots Zoi for 
per cent conductivities above 94 per cent and is quite good over a wider range. 

5g~-8. Effect of Frequency upon the Conductivity of Copper Conductors. Low 
Frequency. When alternating currents are carried by homogeneous conductors the > 
current density is not uniformly distributed over the area of the conductor. A 
tendency for the current density to be higher near the conductor surface is due to 
magnetic flux within the conductor cross section (see Sec. 5b- 15). Such current- 
density concentration reduces the effective area of a conductor cross section. The 


1 Natl. Bur. Standards (U.S.) Cire. 31, p. 11. 
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TasLE 5g-1. Copper Wire TaBLes—SOLID CoppER WIRE,* MKS Unsrrts | 


Cross section, Ohms{/m 


m at 20°C m2? at 20°C at 20°C ee patel 
(X 107%) (X 10-8) (xX 107) a 

11.68 107.2 0.1608 6,219 
10.40 85.03 0.2028 4,932 
9.266 67.43 0.2557 3,911 
8.252 53.48 0.3224 3,102 
7.348. 42.41 0.4066 2 ,460 
6.544 33.63 0.5127 1,951 
5.827 26.67 0.6465 1,547 
5.189 21.15 0.8152 | 1,227 
4.621 16.77 1.028 972.9 
4.115 13.30 1.296 771.5 
3.665 10.55 1.634 611.8 
3.264 8.366 2.061 485.2 
2.906 6.634 2.599 384.8 
2.588 5.261 3.277 305.1 
2.305 4.172 4.132 242.0 
2.053 3.309 5.211 191.9 
1.828 2.624 6.571 152.2 
1.628 2.081 - 8.285 120.7 
1.450 1.650 10.45 95.71 
1.291 1.309 13.17 75.90 
1.150 1.038 16.61 60.20 
1.024 0.8231 20.95 47.74 
0.9116 0.6527 26.42 37.86 
0.8118 0.5176 33.31 30.02 
0.7230. 0.4105 42.00 23.81 
0.6438 0.3255 52.96 18.88 
0.5733 0.2582 66.79 14.97 
0.5106 — 0.2047 84.21 11.87 
0.4547 0.1624 106.2 9.417 
0.4049 0.1288 133.9 7.468 
0.3606 0.1021 168.9 5.922 
0.3211 0.08098 212.9 4.697 
0.2859 0.06422 268.5 3.725 
0.2546 0.05093 338 .6 2.954 
0.2268 0.04039 426.9 2.342 
0.2019 0.03203 538.3 1.858 
0.1798 0.02540 678.8 1.473 
0.1601 0.02014 856.0 1.168 
0.1426 0.01597 1,079 0.9265 
0.1270 0.01267 1,361 0.7347 
0.1131 0.01005 1,716 0.5827 
0.1007 0.007967 2,164 0.4621 
0.08969 0.006318 2,729 0.3664 
0.07987 0.005010 3,441 0.2906 


* Data obtained from Nail. Bur. Standards (U.S.) Cire. 31 for 100 per cent conductivity copper at 
20°C (see Sec. 5g-1). 
+ American wire gage (Awg) or Brown and Sharpe gage (B&S8). 
-t The tables in Circ. 31 are given in “international” electrical units. Since Jan. 1, 1948, ‘‘absolute”’ 
units are standard. To obtain absolute ohms the resistance values in the table must be multiplied by 


1.000495 (see Nail. Bur. Standards (U.S.) Circ. 459). 
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‘Tasie 5g-2. Copper WirRE TaBLes—Souiip Copper Wire,* Encuisa Units. 


Cross section at 20°C 


Sq in. 


-Ohmst/ 


Lb /1,000 ft 


ss ee 


a mils 
ate Cir mils 

0000 460 211,600 0 
000 409 167 ,800 0 
00 364 133 ,100 0 
0 324. 105 ,500 0 
1 289. 83 ,690 0 
2. | 257 66 ,370 0. 
3 229 52 ,640 0 
4 204 41,740 0 
5 181 33,100 0 
6 162 26 , 250 0 
7 144 20 ,820 0 
8 128. 16,510 0 
9 114. 13 ,090 0. 
10 101. 10 ,380 0. 
11 90. 8 ,234 0. 
12 80. 6 ,530 0 
13 71. 5,178 0 
14 64. 4,107 0 
15 57. 3,257 0. 
16 50. 2,583 0. 
17 45. 2,048 0. 
18 40. 1 ,624 0. 
19 35. 1,288 0. 
20 31.¢ 1 ,022 0. 
21 28. 810.1 |0. 
22 25. 642.4 |0. 
23 22. 509.5 0. 
24 20. 404.0 (0. 
25 17. 320.4 (|0. 
26 15. 254.1 |0 
27 14. 201.5 {0 
28 12. 159.8 {0 
29 11. 126.7 |0 
30 10. 100.5 10 
31 8. 79.70 |0 
32 7. 63.21 |0 
33. 7. 50.13 {0 
34 6. 39.75 /0. 
35 5. 31.52 (0. 
36 5, 25.00 0. 
37 4. 19.83 |0 
38 3. 15.72 |0 
39 3: 12.47 |0 
40 3. 9.88810. 


. 1662 
.1318 
.1045 
.08289 
.06573 


05213 


.04134 
.03278 
.02600 
.02062 
.01635 
.01297 


01028 
008155 
006467 


.005129 
.004067 
,003225 


002558 
002028 
001609 
001276 
001012 
0008023 
0006363 
0005046 
0004002 
0003173 
0002517 


.0001996 

.0001583 | 
.0001255 

.00009953 
.00007894 
.00006260 
.00004964 
.00003937 


00003122 
00002476 
00001964 


.00001557 
.00001235 
.000009793 


000007766) 1,049 


1,000 ft ys 
at 20°C at 20°C 
004901120 ,400 
0.06180/16 , 180 
0.07793|12,830 
0.09827|10, 180 
0.1239 | 8.070 
0.1563 | 6,400 
0.1970 | 5.075 
0.2485 | 4.025 
0.3133 | 3,192 
0.3951 | 2.531 
0.4982 | 2'007 
0.6282 | 1.592 
0.7921 | 1,262 
0.9989 | 1.001 
1.260 794.0 
1.588 629.6 
2.003 499 .3 
2.525 396.0 
3.184 314.0 
4.016 249.0 
5.064 197.5 
6.385 156.6 
8.051 124.2 
10.15 98.50 
12.80 78.11 
16.14 | 61.95 
20.36 49.13 
25.67 38.96 
32.37 30.90 
40.81 24.50 
51.47 19.43 
64.90. 15.41 
81.83 12.22 
103.2 9.691 
130.1 7.685 
164.1 6.095 
206.9 4.833 
260.9 3.833 
329.0 3.040 
414.8 2.411 
523.1 1.912 
659.6 1.516 
831.8 1.202 
0. 


0.03774 
0.02993 


* Data obtained from Nail. Bur. Standards (U.S.) Circ. 31 for 100 per cent conductivity copper at 


20°C (see Sec. 5g-1). 


{ American wire gage (Awg) or Brown and Sharpe (B&S). 

¢ The tables in Circ. 31 are given in ‘‘international’’ electrical units. 
units are standard. To obtain absolute ohms the resistance values in the fabless must be multiplied by 
1.000495 (see Natl. Bur. Standards (U.S.) Circ. 459). 


Since Jan. 1, 1948, ‘ 


‘absolute’”’ 
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consequence is a higher total resistance to a given rms alternating current vs. the total 
resistance to an equal direct current. 

High Frequency. At very high frequencies the current in a conductor is nearly all 
concentrated at the surface to a depth called the “skin depth” which is given by — 


_ 4/1257 1 [oe 
Dr ale pv 


meters 
where p = resistivity, ohm-m © 
py = frequency, cps 
p-= permeability, henrys/m 
The effective area of a conductor carrying current of sufficiently high frequency for the 
skin depth to be small compared with the conductor thickness and small compared 


with radii of curvature is given by the conductor perimeter times the skin depth. 


151.0 


ANY 


¢ = SKIN DEPTH IN cm 


OHMS PER CM LENGTH FOR ONE CM PERIPHERY | 
ail 


~ Ro-g2 HIGH FREQUENCY RESISTANCE IN) 


| . iO SCALE A 100. | 1,000 


FREQUENCY IN K.C. . | 
Fia. 5g-1. Skin depth and high-frequency resistance of copper. (From F. E. Terman, 
‘* Radio Canes Handbook,” p. 35, McGraw-Hill Book Company, Inc., N ew York, 1943.) 


‘Anomolous Skin Effect. At sufficiently low temperatures and high frequencies, the 
mean free path of the electrons in a good conductor becomes greater than the classi- 
cally: predicted skin depth, and the classical skin-effect equations break down.'? 
Thus, the radio-frequency skin conductivity is practically independent of bulk con- 
ductivity (measured at direct current) when the mean free path of the electrons is 
sufficiently long. Data are given by Pippard! on Ag, Au, Cu, Sn, and Al. Chambers? 
gives'additional data, and more recently Dingle* has given data for N a Cu, Ag, Au, 
Pt, W, Al, Pb, and Sn. 

5g-4. Other Wire Tables. National Bureau of Standards Circular 31 contains 
tables in additional to those for copper wire. These are for bare concentric-lay cables 
of standard annealed copper and hard-drawn aluminum wire. 


1A, B. Pippard, Proc. Roy. Soc. (London), ser. A, 191, 385-399 (1947). 

2G. E. H. Reuter and E. H. Sondheimer, Proc. Roy. Soc. (London), ser. A, 195, 336 ae 
’R. G. Chambers, Nature 165, 239-240 (1950). 

‘R. B. Dingle, Physica 19, 348-364 (1953). 
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Tasie 5g-3. Ratio or A-C Resistance To D-C REsIsTANCE FOR A SOLID 
| Rounp WIRE* 


Ra-o Rick Rae 
zi Ra-c xy — Race ca Race 
0 1.0000 5.2 2.114 14.0 5.209 
0.5 1.0003 5.4 2.184 14.5 5.386 
0.6 - 1.0007 5.6 | 2 254 15.0 |. 5.562. 
0.7 1.0012 5.8 2.324 16.0 5.915 
0.8 | 1.0021 6.0 2.394. 17.0 6.268 
0.9 1.0034 6.2 2.463. 18.0 | 6.621. 
1.0 1.005 6.4 2.533 19.0 6.974. 
1.1 1.008 6.6 2.603 20.0 7.328 
1.2 1.011 6.8 2.673. 21.0 7.681 
1.3 1.015 7.0 2.743 22.0 8.034 - 
1.4 1.020 7.2 2.813 23.0 8.387 
1.5 1.026 7.4 2.884 24.0 8.741 
1.6 1.033 7.6 2.954 25.0 9.094 
1.7 | 1.042 7.8 | 3.024 | 26.0 | 9.447 
1.8 1.052 8.0 3.094 28 .0 10.15 
1.9 1.064 8.2 3.165 30.0 10.86 
2.0 1.078 8.4 3,235 32.0 11.57 
2.2 1.111 8.6 3.306 34.0 12.27 
2.4 1.152 8.8 3.376 36.0 12.98 
2.6 1.201 9.0 3.446 38 .0 13 .69 
2.8 1.256 9.2 3.517 40.0 14.40 
3.0 1.318 9.4 3.587 42.0 15.10 
3.2 1.385 9.6 3.658 44.0 15.81 
3.4 1.456 9.8 3.728 46.0 16.52 
3.6 1.529 10.0 3.799 48 .0 17.22 
3.8 1.603 10.5 3.975 50.0 17.93 
4.0 1.678 11.0 4.151 60.0 21.47 
4.2 1.752 11.5 4.327 70.0 25.00. 
4.4 1.826 - 12.0 4.504 80.0 28.54 
4.6 1.899 12.5 4.680 90.0 32 .07 
4.8 1.971 13.0 4.856 100.0 35.61 

.0 2.043 13.5 5.033 eo 00 


* ‘From Natl. Bur. Siandascds: (U.S.) Cire. 74 and F. E. Terman, “ Radio Engineers Handbook,”’ p 
31, McGraw-Hill Book Coeeny Inc., New York, 1943. 


7 wa =. v 
a: Vv 6.285 Vv 
where p = resistivity, ohm-m;d = wire diameter, m; 4 = = permeability, henrys/m; y= frequency, cps. 


A resistance wire table covering nichrome, advance, and manganin j is given on page 
29 of F. E. Terman, ‘‘Radio Engineers’ Handbook. a1 

5g-5. Electrical Properties of Pure Metals. Table 5g-5 gives : a. list of Sieniauts 
considered to be metals in a compilation by F. Seitz.2. The resistivities given are bulk 
resistivities. Resistivities of thin films have been omitted because of the extreme 

1 McGraw-Hill Book Company, Inc., New York, 1943. 


2¥F. Seitz, ‘The Modern Theory of Solids,” p. 10, McGraw-Hill Book Company, Inc., 
New York, 1940. 
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TaBLE 5g-4. ALLOWABLE CURRENT-CARRYING CAPACITIES OF INSULATED. 
CoNnDUCTORS IN AMPERES* : 


(Single conductor in free air; based on room temperature of 30°C, 86°F) 


Rubber, 
ee u Thermo- | | 
RW, earn ; : Slow- 
asbestos, mpreg- | | urning, 
type RN eueper type TA; Pabst: nated | Asbestos, | type SB; 
: type |type RH; Var-Cam, | 
Size Var-Cam asbestos, | type A | weather- 
A RUW | type | typev; | ‘YP° | type AI | (14-8) f 
We | (12-4); |RH-Rwt; %P° "> | AVA ype °), | proot, 
MCM ioe . ive ’| asbestos ine (14-8), type type 
 RE-RWt RHW Var-Cam AVL type AA WP, 
Pherae | type AIA type 
plastic, anes SBW 
ine T: cable 
type TW 
14 20 © 20 30 40 40 45 30 
12 25 25 40 50 50 55 40 
10 40 40 55 65 70 75 55 
8 55 65 70 85 90 100 70 
6 80 95 100 120 125 135 100 
4 105. 125 135 160 170 180 130 
3 120 145 155 180 195 210 150 
2 140 170 180 210 225 240 175 
1 165 195 210 245 265 280 205 
0 195 230 245 285 305 325 235 
00 225 265 285 330 355 370 275 
000 260 310 330 385 410 430 320 
0000 300 360 385 445 A475 510 370 
250 340 405 425 495 530 410 
300 375 445 480 555 590 460 
350 420 505 530 610 655 510 
400 455 545 575 665 710 555 
500 515 620 660 765 815 630 
600 575 690 740 855 910 710 
700 630 755 815 940 1,005 780 
750 655 785 845 980 1,045 810 
800 680 815 880 1,020 1,085 845 
900 730 870 O408 si. gees. GR Sees 905 
1,000 780 935 1,000 1,165 1,240 965 
1,250 890 1,065 1,130 
1,500 980 1,175 1,260 1,450 | ..... 1,215 
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TABLE 5g-4. ALLOWABLE CURRENT-CARRYING CAPACITIES OF INSULATED 
ConpucToRS IN AMPERES* (Continued) 


Rubber, 


te = t Thermo- 
a plastic | — Slow- 
: asbestos, Impreg- burning, 
type 380) ,) -sibber type TA, eenustos nated /| Asbestos, | type SB; 
: type j|type RH; Var-Cam, 
Size Var-Cam, asbestos, | type A | weather- 
RUW type | type 
Awg type V; type AI | (14-8), proof, 
(12-4); |,RH-RWf, AVA, 
MCM ies ise Asbestos ivpe (14-8), type type 
RH-RWt RHW Var-Cam, AVL type AA WP, 
eheciee type AIA type 
selon AVB; SBW 
Pret | MI cable | 
type T, 
type TW 
Correction Factors for Room Temperatures over 30°C, 86°F 
°C | °F | 
40|104| 0.82 0.88 0.90 0.94 0.95 
45;113;} 0.71 0.82 0.85 0.90 0.92 
50/122} 0.58 0.75 0.80 0.87 0.89 
55 | 131 0.41 0.67 0.74 0.83 0.86 
60 | 140 chats 0.58 0.67 0.79 0.83 0.91 
70 | 158 oe 0.35 0.52 0.71 0.76 0.87 
75 | 167 0.43 0.66 0.72 0.86 
80 | 176 0.30 0.61 0.69 0.84 
90 | 194 68 0.50 0.61 0.80 
100 | 212 0.51 0.77 
120 | 248 seat ore inte Bins - 0.69 
140 | 284 re sans ae ad vee acess 0.59 


* Data from National Board of Fire Underwriters, Pamphlet 70, p. 289, National Electrical Code, 
November, 1953. 
t Symbols in table: 


Type Letter Insulation and Covering 
seceseees+-.... Asbestos without asbestos braid 
BR fas Sota wes Asbestos with asbestos braid 
AI............... Impregnated asbestos without outer asbestos braid 
RIA ewe teer eee st Impregnated asbestos with outer asbestos braid 
AVA............. Impregnated asbestos and varnished cambric with outer asbestos braid 
AVB..ccceeewcces Impregnated asbestos and varnished cambric with flame-réetardant cotton braid 
BNI beehives es Impregnated asbestos and varnished cambric with asbestos braid and lead 
sheath . 
Ml esc ouvete okie Magnesium oxide with copper covering 
Wii hh hws Code rubber with moisture-resistant, flame-retardant, nonmetallic covering 
cg Ramer ee a eee a Heat-resistant rubber with R covering 
RE Wize etsiak'cs Moisture- and heat-resistant rubber with R covering 
HG Aiseas ieee 90% unmilled grainless rubber with R covering 
RUW i osecniaexnee Same as RU 
We car kad Moisture-resistant rubber with R covering 
BBs tcude woven: Three braids of impregnated fire-retardant cotton thread with outer cover 
_ finished smooth and hard 
SBW............ Two layers of impregnated cotton thread with outer fire-retardant coating 
Lie eee aewnn wae a Flame-retardant thermoplastic compound with no covering 
Dusit alts ..+. Thermoplastic and asbestos with flame-retardant cotton braid 
TW.............. Flame-retardant, moisture-resistant thermoplastic with no covering 
V................ Varnished cambric with nonmetallic covering or lead sheath 
Pichia ead’ At least three impregnated cotton braids or equivalent 


tit typé RH-RW rubber-insulated wire is used in wet locations, the allowable current-catrying ¢apaei- 
ties shall be that of column 2, Table 5g-4. If used in dry locations, the allowable current-carrying 
@&pacities shall be that ef column 3. 
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_ Aluminum...........0...-. 
ADUIMONY os d5c. eras we 
ATSOMIG i fid oat a iaua oor: 


* 0°C. 


+ 18°C. 
25°C. 
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TABLE 5g-5. ELECTRICAL PROPERTIES OF PURE. METALS 
(All measurements are at 20°C unless otherwise indicated) 


Metal 


Cobbs itescusc ay benched 


Indium . Dex tance eer cameras 


PYOU ta deg ecto 2 Bhat tecenes 


Magnesium......,.....- 
Manganese............. 
Masurium.............6 2.40 
Mercury (liq.)...:....-.- 
Molybdenum..:........ : 
Nickel i055 ee damie neers 


Osmium...... De Aes 


Rhodium..........-.++. 


Ruthenium............. 
Scandium............ es 


 Strontium............-. 
Panta ives sess. | 
Thallium DA oret Oo Seta en 


Titanium....... Rn ek eee eee 
Tungsten............-. a ee 
Uranium............... 
Vanadium.............. 
~~ Ytterbium....:......-.. 
| Zine ae ee eee aden 


t 
80,000 kg/om', 


p X 10°* 
ohm-m 


4.59 


%- 


or 


oe) 
00 STOO. CONN WH ONE 
wo OO 

aj 

*& 


eet Or 


p/po at . 
100,000 kg/cm? 


‘oroooCoS ° COOMROCONDCOSO 
C on 
on 
oO 


ooo cocooco 
ie ¢) 
ve) 
rq 


| Noon) 
[ole ¢) 
a] 
bdo 
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structure sensitivity of such data. The data-on pressure effect upon resistivity are 
from P. W. Bridgman.! Resistivity values have been gathered from many sources 
in the literature. 


TaBLE 5g-6. SUPERCONDUCTING TRANSITION TEMPERATURE FOR METALS* 


1 Compiled from E. Justi, “ Leitfahigkeit und Leitungsmechanismus fester Stoffe,’’ Table 17, p. 188, 
Vandenhoech und Ruprecht, Gottingen, 1948; and T. S. Smith and J. G. Daunt, Some Properties of 
Superconductors below 10°K III Zr, Hf, Cd, and Ti, Phys: Rev. 88, 1172—1176 (1952). 


TasB.e 5g-7. SUPERCONDUCTING TRANSITION TEMPERATURES FOR ALLOYS* 
(In degrees Kelvin) mH 


Nonsuperconductor Pb Sooo Til Au 
Bilis iach 6 Stee Be 28s 8.8T 3.8T — (BisT]3) 6.4 | (AueBi) 1.92 
BDitise ccmeesutndecs 6.6T (Sb2S8n3) 3.8 © (SbeT]) 5.2 

ASe iced tea eek oak 8.4f re . ee 

| Ree re eee ee ...| 7.8F 5 ae 3 |: 
COeisdccueettaweien Sethe. 3.6F 2.5T 

UD eta entire he i 2.25t (Cu;Sn) 1.31 

PD cae uita nhs Weaaies 7.2t °| (Ag;Sn) 1.36 (2.67T 
Aulievstedsenckeded C20 | ew ks Ri Re 1.92Tf 

COrcci vate bees 7.0T 

DNs Sete ts eae 7 .2T 


* Taken from E, Justi, ‘‘Leitfahigkeit und Leitungsmechanismus fester Stoffe,’’ Table 17, p. 914, 
Vandenhoech und Ruprecht, Gottingen, 1948. 
T Eutectic. - 


1P, W. Bridgman, The Resistance of 72 Elements, Alloys and Compounds to 100,000 
kg/em?, Proc. Am. Acad. Arts Sct., 81, 165-251 (1952). . 


5h. Magnetic Properties of Materials 


R. M. BOZORTH 


_ Bell Telephone Laboratories, Inc. 


6h-1. Symbols (Units in cgs system) 


H magnetic field strength, oersteds 
B magnetic induction, gauss 


o | magnetic moment/gram 
o, saturation magnetic moment/gram 
oo 60, at O°K 


M magnetic moment/cm? 

M, saturation magnetic moment/cm? 

M 0 M 8 at 0o°K 

B Bohr magneton 

np Bohr magneton number 

0 Curie point (°C or °K) 

6v Néel point (antiferromagnetic) 

B, residual induction (gauss) 

H. coercive force (oersteds) 

po initial permeability (vacuum = 1) 

fm maximum permeability 

Mr reversible permeability | 

K, magnetic crystal anisotropy constant (ergs/cm?) 
r fractional increase in length (magnetostriction) 
\ £=Aat saturation | 

w fractional increase in volume (magnetostriction) 
x magnetic moment/oersted for 1 g (¢/H) 

X4 magnetic moment/oersted for 1 g-atom 


6h-2. Saturation Magnetization and Curie Points. When a magnetic field of 
increasing strength is applied to a ferromagnetic material the magnetic moment of the 
material increases toward a limit called the saturation, which is usually expressed as 
moment per unit weight o, or as moment per unit volume (M, intensity of magnetiza- 
tion). The saturation can be determined as a function of temperature and extrapo- 
lated to O0°K, and one can calculate from this the magnetic moment per molecule (or 
per atom), and by dividing by the Bohr magneton (8, magnetic moment of the electron 
spin) one can obtain the Bohr magneton number ng. The saturation decreases as the 
temperature increases and approaches zero in the neighborhood of the Curie point 6, 
the exact location of which is a matter of careful definition. 

Data are given in Tables 5h-1 to 5h-9 and Figs. 5h-1 and 5h-2. 

5h-3. Properties of Some High-permeability Materials. The induction B of a 
magnetic material is a function of the magnetic field H to which it is subjected. Some 
of the quantities derived from the B vs. H curves of materials are given in the follow- 
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Ni 


ome 477M FOR H=1500 
<== CURIE POINTS 


80 70 60 §0 40 30 20 10 a 
PER CENT IRON 

Fie. 5h-1. Approximate saturation (47M for H = 1,500) and Curie points of Fe-Co-Ni 

alloys. [T7. Kase, Science Repts. Téhoku Imp. Univ. 16, 491 (1927).] 


A. 
: ve) 
& | . 
&., 477Ms = 5500,” 3 
61 % Cu Cb Gem cate Gime cm aus Gree Giee Gamy ene GERD ENED: 


26% Mn) 


50 40 30 20 10 
PER CENT MANGANESE 
Fie. 5h-2. Saturation induction of Heusler Mn-Cu-Al alloys. (O. Heusler, see R. M. 


Bozorth, ‘‘Ferromagnetism,” D. Van Nostrand Company, Inc., New York, 1951.) 
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TaBLE 5h-1. SaruRATION MAGNETIZATION AND CURIE POINTS OF 
FERROMAGNETIC ELEMENTS* 


20°C — 0°K 


Element ae 
Os M, 4nM, To NB 0, °C 
BO wate ee aus tien 218.0 1,714 21,580 221.9 2.219 770 
COreiesemeGres 161 1,422 17,900 162.5 1.715 1,131 
INA cede Stas saanste a 54.39 484.1 6,084.1. 57.50 0.604 358 
Cid nag ccleeegee 3 0 0 — «0 253 .5 7.12 16 
DY ieee oe 0 0 0 E,  . ck. Sale — 168 


*R. M. Bozorth, “ Ferromagnetiem,” D. Van Nostrand Company, Inc., New York, 1951. Refer- 
ences to the original sources are given therein. mt 
fo = 215 for H ~ 9,000, at 88°K. 


TaB.e 5h-2. RELATIVE SATURATION MAGNETIZATION o,/o0, AS DEPENDENT ON 
. TEMPERATURE RELATIVE”TO Curie Point T/@ | 
(Values of oo are given in Table 5h-1) © 


o./o0 ; 
Fe Co, Ni | = ¥ (theory) 

a!) 1 1 1 
0.1 0.996 0.996* 1.000 
0.2 0.99 0.99 1.000 
0.3 0.975 0.98 0.997 
0.4 0.95 0.96 0.983 
0.5 0.93 0.94 0.958 
0.6 0.90 0.90 0.907 
0.7 0.85 0.83 0.829 
0.8 0.77 0.73 0.710" 
0.85 | 0.70 0.66 0.630 
0.9 0.61 0.56 — 0.525 
0.95 | 0.46 0.40 - -0.380 
1.0 0 oO. 0 


* Value for Ni only. 
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TaBLE 5h-3. SATURATION ‘MAGNETIZATION AND CURIE Points oF ALLOYS 


oF IRon* 
Addition | Atomic %| os np/atom 6, °C ~ 
Cot 20: 236 2.42 950 
33 238 2.52 970 
50 233 2.42 980 
75 203 2.14 870 
80 184 1.95 910 
| Nit 10° 217 2.26 750 
20 209° 2.22 720 
40 152 1.82 330 
60 136 1.45 560 
| 80. 98 1.04 560 
Alq 7.1 207 2.05 756 
19.7 184 1.74 664 
24.9 134 1.29 441 
26.0 149 1.40 494 
Sig 8.3 204 2.00 720 
ce f . 15.9 174 1.67 653 
23.5 141 | -: 1.32 587 
Vd | 5.9 204 2.09 815 
_ 10.6 184 1.91 805 
- 18.6 149 1.58 783 
Crq |. 17.7 166 1.70 678 
AT 90 0.98 483 
|. 67.8 35 0.53 268 
Rug | 7.0 200 2.18 660 
|. 12.5 105 1.17 
Rh§ 10.0 209 2.32 
25.0 192 2.39 714 
|. 40.0 161. 2.26 624 
Pd§ 5.5. 203 | 2.19 754 
| 40.0 (129. 1.89 
- 74.8 45 0.97 ~250 
Os§ 8.1 158 | 1.97 
ag 12.5 50 0.69 
Sng | 2.3 208 2.18 768 
tl 6.0 197 2.16 768 
Ir§ 4.0 200 2.25 750 
: 15.0 120 1.67 | 
Pts | 8.1 191 2.36 
|. 12.4 177 2.43 
24.8 104. | 2.23. 164 
50.0 32 0.75 
|) 44,1 39 0.85 
Au§' | 6.2 174 2.08 767 
+ 10.5 154 2.02. 768 


* Additional data are given in the references. 

+t P. Weiss and R. Forrer, Ann. phys. 12 (10), 279 (1929). 

tM. Peschard, Compt. rend. 180, 1837 (1925); for change of saturation with ordering, see E. M. 
Grabbe and L. W. McKeehan, Phys. Rev. 87, 728 (1940), 

q M. Fallot, Ann. phye. 6 (11), 805 (1086). 

§ M. Fallot, Ann. phys. 10 (11), 301 (1938). 
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TABLE. 5h-4. SaruRATION MAGNETIZATION AND CuRIE Points or ALLOYS 
oF CoBALT* 
Element | Atomic % | «, (20°C) | ng/atom 


Se ease eERnntnenehemmemmenenemenreneeeesncscetin (rem eee emeeemmmnennenemeeneerer] Wana nen en emeneeeneeett fe 


Nit 40 124 1.33 900 
70 90 0.97 680 
Cri 5.6 134 1.42 
10.6 100 1.07 
16.7 59.5 0.64 
22.1 19 0.24 
Mnf 4.2 144 1.53 
11.9 109 1.16 
17.3 84 0.89 
22.5 48 0.57 


* Additional data are given in the references. 

7 P. Weiss, R. Forrer, and F. Birch, Compt. rend. 189, 789 (1929). 
¢ T. Farcas, Ann. phys. 8 (11), 146 (1937). 

{ C. Sadron, Ann. phys. 17 (10), 371 (1932). 


TaBLE 5h-5. SATURATION MAGNETIZATION AND CURIE Points or ALLOYS 
oF NICKEL* 


Addition Atomic % 


ne ee Ey Nene 


Al | 2.0 47.1 0.54 
Au | 3.4 46.6 0.58 
Cr 1.7 49.8 (150°K) 0.53 
| 6.7 25.4 (150°K) 0.30 

Mn 25 (ordered) 90 1.02 
Mo 1.9 42 .3 0.51 
4.2 23.1 0.37 

Pd 500 Can Penne eee rane 0.60 
| AG 2 Al agate amca 0.57 
OLS a ee gots dts tease aes 

Pt 9.1 37.7 0.55 
25.0 16.4 0.44 

45:0) |) wee diee eee 0.25 

Sb 7.5 12.6 0.24 
Si 3.7 40.3 0.48 
6.8 23.7 0.36 

oe: a ern 0.28 

Sn 2.7 40.1 0.49 
9.0 9.9 0.30 

Tat B20 «=a A aan Ses 0.41 
G23! | eben 0.28 

Ti 4.8 34.5 0.43 
1023: ||, hucceeaditates 0.22 

Vv 5.5 15.3 0.29 
W 2.1 | 39.2 0.49 
3.9 19.9 0.34 

Zn 4.1 45.3 0.52 
10.8 25.4 0.37 


* V. Marian, Ann. phys. 7 (11), 459 (1937); additional data are given in the original. 
tT G. T. Rado and A. R. Kaufmann, Phys. Rev. 60, 336 (1941). 
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TABLE 5h-6. SatuRATION MAGNETIZATION AND CuRIE PoINTs OF 
SomME FERRITES2 
(47M, at room temperature?) 


Ferrite X-ray density 4nrM, np/molecule | 6, °C 
MnFe.O,z.......... 5.00 5,200 4.4-5.0 300 
Fe;0, 5.24 6 ; 000 4.0-4.1 585 
CoFe2O4........... 5.29 — 5,000 3.7-3.9 520 
NiFe.O....... 5.38 3,400 2 .2-2.4 585 
CuFe204.......... 5.35 1 ,700¢ 13-2 .3¢ 455 
MgFe.Q,. 5.42 1, 400¢ 0.9-1. 4¢ 440 
CdFe.0, ire bee rO ew 8 or oars 0 0. 
ZnFe.O.7........../ 7 oehek.’ 0 0 60 
Lio.sFe25O4........ 4.75 3,900 2.5-2.6 670 

; BaFe2019?. bs ayee ee 5.3 . 4,800 20 450 
BaFeigOo2"........ Chute 2 28 450 


¢K. W. Gorter, Philips Research Repts. 9, 295, 403 (1954); J. Smit and H. P. J. Wijn, ‘‘Advances in 
Electronics and Electron Physics,’’ vol. VI, p. 83, Academic Press, Inc., New York, 1954. _ 

> Private communication from E. W. Gorter. 

¢ Depends on heat-treatment. 

@ ZnFe2O1 magnetic when quenched, otherwise nonmagnetic; 6 for rapid quench. 

gs = 72 at 20°C. 


TaBLe 5h-7. Bonn Macnetron Numpers or Soup Sorutions or ZnFe.0, 
= WITH OTHER FERRITES* 
(Averaged values.t Additional data in references) 


ns/molecule for following 


as molecular % of ZnFeO, 
Ferrite 


20 40 70 
MnFe2O0,4.............. 5.7 6.5 6.3 
FeFe.O, en a ee ee ee 5.2 5.7 5.5 
CoFe.04............... —4.6 5.5 Bol 
NiFe.O, bins eet ees es ad 3.6 4.9 4.2 
MgFe.O............... 3.0 3.8 2.9 
Lio. sFee2.5O4 euonente, ect hcaat ess 3.7 4.4 1. 


* Cuo.sZno.sFe2O4, ns = 4.7 [E. W. Gorter, Philips Research Repts. 9, 295, 403 (1954)]; Mgo.sZno.sFe2O., 
np = 4.9 [C. A. Clark and W. Sucksmith, Proc. Roy. Soc. (London), ser. A, 225, 147 (1954)]. 
t C. Guillaud, J. phys. radium 12, 239 (1951), E. W. Gorter, Philips Research Repts. 9, 295, 403 (1954). 
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TABLE 5h-8. BouR MAGNETON. NUMBERS AND CuRIE: Points oF OTHER 
FERRITES AND SPINELS 


Composition np/molecule Ref 
CrFe.0, Bd de. oFe he erida aa teetly Oxt fer caer 0 3 
FeCr20.4 8: 5. 
MnCr.0, ae Peh eeva nia Po aye eB Esee a Ree dotnet as 23 4 
MnFeCrO, bois 2 nO Wace at ak ch otal gat, .25 - 1 
MnFep ;Cri 504 an let cater Sites fei oe ees 77 1 
MnCo.0, be Ng he Sass cde a veg ch aye Se as toh oe eal 04 — 5 
Fee. sAlo. 204 10 


a 


, 7 . of 
CoCr.2O0.4 sieges oat se seine rae ae eet Pica de phtwe wn tat oy 2 09 4 
NiF eo. 2sAli 7304 oP ae tates te eee! Guard 07* 6 
NiCr.0.4 ee ee ee 1 4 
NiFes.;Ali 504 BAS ease Sova ores ee 16* 6 
NikeAl Oi np eerste atte .57* 6 

a | 0-0.6 1 
NiFe, sAlo.sO Ste he Beara Te ae i Mactelea eee ies QO. 5* 6 
NiF ey. s9Co. 504 oa due eis De Ge aha hordks ohes 0. 7 7 
NiFe:,;Gao.sOu.........----5+ ~ 2.9-3.2* 6 
NibkeGaG@, 2.1344 3o 406098 2.8-3 .0* 6 
NiFeo 5;Gai.sO4 ee ee One ee 0.9 6 

NiFey.sIno.sO4 ee ae open ia Moca as 3 sat aT 
NiFeIMnO¢e wii sd sc adee eras : 2.5* 7 
NiFeo 5Ini.5sO4...... ee ee ere I, 0.6* 7 
Nia. sFeTio. 504. hte wees Ate et hen ew 1.1-1.4 1 
NiZno. sFeTio. sOr. Fee ot are oe er ee re 2. 1 1 
CuCr.0O, Sig ares Pe angen 0.39 4 
Cuo. pF ee. 504 eT ee ere ee ee eee 4.1-4.5 2, 8 
MgFeAlO,........... ae bien ~—60.3 9 
Lip. sFeo, sCreO4 ic Spee @uvbh eee ei wl Ae 0.1 1 
MnCroSiciss sci iaces 2.0. 5 
js) Gi i) eer ee a a ee 1.5 5 
CoCr.S, go ta en tepiees Larne alge ds, Sage ersten dee a ee ss | 2.55 5 
MPCOs Tacoscneex thee eee es small 11 


* Slowly cooled from 1400°C. 
+ M = trivalent rare-earth metal. 
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TABLE 5h-9. SaTuRATION MAGNETIZATION AND CuRIE Points or SoME 
Binary Compounps* 


Substance | 47M, (20°C) | nz/molecule 6, °C 

~ FesAl............../ 11,000 5.2 500 
Fe:B............-. 15,100 5.7 739 
FeBeo.............) 026. tetee My cdew act 520 
FeBe; Reh Red Oden AR Spagteecae 4 dd? Le Aen eee de - <0 
CC vise hs at oles “12,400 5.3 21 
Ke, Cew eeicateawedl), ancasawe. We Jddivad.os 116 
FeN............-. 17,500 8.9 490 
PGsP se cet eRe 2b diocteddae ON cad i, dete 420 
FeSs.............. 780 2.0t 300 
Co.B inert ib ese, dicentric eA at al ale eg PS AP hag eh oan 510 
CoP Gis Bivitee eee, She miata II - Se ety ecee 920 
CoPt.......... ees 1;200-0 | -Ru waka % <600 
COS Tiscetice2eiae eb . 655 o8es —60.84 — 163 

OOD ict i itaiden -eeeatance BM cccssse bret 195 
Co,Zr ate at er eee ect | | “oe ea ee PL? adaw iis ie Me 490 
INisM@cicttettew oh tl Lesesund PP tabcainen 235 
Ni;Mn............ 9,000 4.1 460 
MnAs............. 8,400 63.4 45 | 
MonB... 1,850 eee ee 260 
MnBi..... se euh ass 7,800 3.5 360 
Ming s2c.c0 64 nek ce 2,300 0.97 470 
IMP jee 4b er eee |) mated ots 1.2 25 
MnPts3............. 5,000 
Mnsb............ 2,900 1.9 277 
MnSb.......... ae 8 ,900 3.5 314 
Maa Selb puatn 1,250 ere ee 150 
MisSis6ieucu gees sadelectes | 2.7 ca. —10 
CrO, aide esta BP Sow be 05 B08 ee a ree ae 2.1 
CLOciuccumiaG heuer  wetcwbbe. ‘11. obecnmeeue 30° 
CrTe.............. 3,100 | 2.4,2.5f | «666 


* R. M. Bozorth, ‘‘ Ferromagnetism,’’ D. Van Nostrand Company, Inc., New York, 1951. 
t Private communication from E. W. Gorter. . 

$F. K. Lotgering, thesis, Utrecht, and private communication. 

YL. Néel and R. Benoit, Compt. rend. 237, 444 (1953). 
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ing tables. The initial permeability yo is the ratio B/H obtained by extrapolation 
to H = Oand B = 0 (at zero frequency). The maximum permeability is the largest 
ratio B/H and occurs at intermediate values of B. When Z is increased indefinitely 
B — H (in cgs units) approaches the limit 41M,, designated also B,. The coercive 
force is that value of H necessary to bring B to zero after the material has been sub- 
jected to an indefinitely high field in the opposite direction. B vs. H curves for some 
common materials are in Fig. 5h-3. | 

The normal hysteresis loss is the energy dissipated as heat when the material is 
subjected to one or more cycles during which the induction is changed for one value 


WN 
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Fia. 5h-3. Representative magnetization curves of some commercial materials. 


Bm to —Bm; its magnitude for one cycle is W, = (1/47) $B dH and is in ergs /em 
when B and H are in gauss and oersteds, respectively. W, is dependent on B,, 
and approaches a limiting value when B, approaches H + 47M. W, is plotted 
against B,, for several materials in Fig. 5h-4. In low fields Rayleigh’s laws apply;' 
W,, = (4/3) (du/dH)H»?, du/dH being the slope of the » vs. H curve in low fields 
(near po). | 

Data are given in Tables 5h-10 to 5h-12. | 

Bh-4. Properties of Some Materials for Permanent Magnets. In the use of 
materials for permanent magnets, important quantities are the coercive force H., the 
residual induction B,, and the energy product BH. The latter is the product of B 
and —H for points on the demagnetization curve, the portion of the hysteresis loop 


1 R. M. Bozorth, ‘“ Ferromagnetism,” D. Van Nostrand Company, Inc., New York, 1951. 
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Fie. 5h-4. Variation of hysteresis loss with maximum induction in several materials. 
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TaBLE 5h-11. FERROXCUBE-TYPE FERRITES * 
(Commercial materials, representative values) 


Loss: { 
| fre- 
Desig- ZnFe.0,,| B., |6,t d, H,, p»t quency 
nation mole % | gauss | °C ei gcm73 oersteds ohm-cm for 
| | tan 6 = 
0.1, ke 
IIIA 529 3,300 }100/1 ,400) 4.9 0.2 20 300 
B 42 4,500 |150) 900! 4.9 0.3 | 20-100 460 
C2 38 | 4,700 |150)1,100} 4.9 0.4 80 420 
D2 21 5,100 (210) 700; 4.8 0.5 80 420 
ZnFe2Q0,, 
mole % 
IVA 64 3,600 |125; 650) 4.9 0.4 105 1,800 
B 50 =| 4,200 (250; 230) 4.55 0.7 105 7,000 
C 36 4,100 |350|' 90; 4.2 2.1 105 16,000 
D 20. 3,600 400} 45) 4.1 4.2 105 29 ,000 
E 0 | 2,300 [500 17; 4.0 11 105 60 , 000 


* Compiled by F. G. Brockman, Philips Laboratories, and E. W. Gorter, Philips Research Labora- 
tories. 

t Minimum value. 7 

} Loss angle 6. tan 6 = 1/Q = R/(wL). See Sec. 5h-5. 

{] All varieties of ferroxcube III include in the composition controlled amounts of ferrous ferrite. 
The amount varies with the grade but is in general a few mole per cent. 


TABLE 5h-12. FERRAMIC-TYPE FERRITES? 
_ (Commercial materials, representative values) 


Composition, mole % 


B for 


~ Ke Bo at He, poQ at 
Desig- . i ‘aces 1Mc/sec| *” | oersteds|1 Mc/sect 
: ZnO | Fe203 
nation 
O-1 4,250 0.24 3, 6009 
Q 400 2.1 50,000 — 
C 1,100 2.1 16,000 
EB 1,700 0.65 13,000 
I 3,000 0.3 3,300 
H 4,300 0.18 3,500 
H-1 3,800 0.35 2,500 
S-3¢ 1,800 | 0.6 
S-1¢ 515 1.5 
R-1/ - 2.5. 1,700 


- @Compiled by C. L. Snyder and E. Albers-Schoenberg, General Ceramics Corp. 
bLoss angle 6. tan 6 = 1/Q = R/(wL). See Sec. 5h-5. 
¢ Square hysteresis loop, Br/Bs = 0.90. 
4 Contains also 5 mole per cent copper. 
¢ Contains also 4 mole per cent copper. 
‘A little different in composition from ferramic A. 
9u9 Q = 67,000 at 50 ke/sec. 
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! ne. 4 5 
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INDUCTION, B, IN GAUSSES 
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FIELD STRENGTH, H, ENERGY PRODUCT, (BH) 
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Fic. 5h-5. Demagnetization curve of Alnico 5, showing B,, H,, and optimum operating 
point Bg, Hg. Also energy-product curve and reversible permeability u,, as function of B. 
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. FIELD STRENGTH, H,IN OERSTEDS 7 
Fia. 5h-6. Demagnetization curves of some important materials for permanent magnets. 


that lies in the second quadrant. The maximum energy product (BH), is the largest 
value of BH for points on the demagnetization curve, and this is the best single 
criterion for a material for use in permanent magnets. The point Bz, H4correspond- 
ing to (BH) m is the desirable point! for operation (see Fig. 5h-5). 

Demagnetization curves for several important materials are given in Fig. 5h-6, and 
constants for the commonly used materials in Table 5h-13. [Note improved proper- 
ties of fine-powder magnets recorded in Table 5h-13 (private communication from 
T. O. Paine)]. 


1R. M. Bozorth, ‘‘Ferromagnetism,’’ D. Van Nostrand Company, Inc., New York, 1951; 
K. Hoselitz, ‘‘Ferromagnetic Properties of Metals and Alloys,’’ Oxford University Press, 
New York, 1952. 
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5h-5. Losses at Low Inductions. Losses in magnetic materials in alternating fields 
at low inductions (<100 gauss, approximately) are usually described by the following 
equation :} | 
| t R 
Lf | 
Ris is in ohms (series) and L in henrys, as measured on an a-c re pw the permeability, 
f the frequency of alternating current in cps, B the maximum induction in gauss 
during the cycle, and a, c, and e the constants given in Table 5h-14. The constant a 
is generally ascribed to hysteresis, c to lag, and e to eddy currents. 
The loss angle 6 is related to these constants and Q as follows: 


=aB+ct+ef 


This is valid only at low frequencies, when eddy-current shielding is negligible. — 


Tape 5h-14. Marerra, Constants ror Losses at Low InpucTIONS 
(a is hysteresis constant, c the ‘“lag”’ constant, and e the eddy-current constant) 


Material Size Ho aX 10®| c X 108 |e X 10° 
Carbonyl iron.......... 5 3 1] 5 60 1 
Mo Permalloy........../ 0. 001-in. sheet | 13,000 2 07 10 
Mo Permalloy..........| 120 mesh 125 1.6 30 19 
Mo Permalloy..........| 400 mesh | 14 11 | 140 7 
Mn Zn ferrite..........| ......22005e 1,500 1.6 4 .8* 0.3 
Ni: Zn: ferrites 26.5. hee) ae ees 200 c th te eead 0.2 


* f <1 Mc/sec, higher values at higher frequencies. 


TABLE 5h-15. CHANGE OF CuRIE POINT wITH PRESSURE* 


Specimen Change, °C/1,000 atm | Approx @, °C 

TG ogee nth overs see ae 0+0.2 770 
Cokin 8b Got ae ees 0Oit1 1120 
INT cPciactales Dec re chee be once ENS +0.35 + 0.03 360 

bot Vin ances 5 asuatorly ces ea ire —1.2+0.2 16 
Fe with 4% Si-Fe........... —0.1+0.2 733 
Fe with 10% Si-Fe.......... +0.2 + 0.3 615 
30% Ni-BGs. 204 dees —5.8 + 0.2 80 
BOU5 INIFV EC) 6.34 ok etd waters —3.6+0.1 210 
68% Ni-Fe..............05. —0.1+0.2 606 
Monel) 0.0 ee% bike athe he ies +0.07 40.03 © 50 

~ Alumel (94% Ni)..........-. +0.03 + 0.04 143 
Mno.5Zno.5Fe20,4 ara: i herte: Biota i +0.9 oe 0.05 90 
Lag. 759Fo.25MnO3 tac Bint giagrgh ag, satan te +0.6 + 0.06 80 


*L. Patrick, Phys. Rev. 93, 384 (1954). 


5h-6. Change of Curie Point with Pressure. Using magnetic material as the-core 
of a transformer, the change in magnetic induction B at a field strength of about 
1 oersted has been measured under hydrostatic pressures up to 9,000 atm. From 
this the change in Curie point has been derived. See Table 5h-15. 


1C. D. Owens, Proc. IRE 41, 359 (1953). 
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TABLE 5h-16. MaGnetic Crystau ‘ANISOTROPY CONSTANTS OF 
CuBIC CRYSTALS? 


| Material — Ky X 1073, ergs/cem? 

Fe: | 

SOO. Cee acon oie a nated Sheet Oe 520 

20°C cesar eld ie Roatan eae 460 

DOO Fibs BS 5 eek ee ah eld aus, 290 

ROO sid sation Grands Gueare ds dx Pes 120 
Ni 

ZOOS Citi Met, Pegi raes pa renien | —750 

OOO ct ce ee cree 8 bas etal —300 

74. hat 6 eee gen ON ae ae ete ee re ae ay —5l1 

200°C...... BN eRe Fae dea tyle cnet 5 
40% Ni-Fe®........ 2, 10 
75% Ni-Fe? disordered......... 2. 0 
75% Ni-Fe® ordered.......... see 7 —40 
90% Ni-Re? soci ss Ce gk onde aes —15 
30% Co-Fe...................... 102 
50% Co-Fe...................... —70 
10%, Co-P@ oiiss.c hohe dws bie — 430 
65% Co-Ni........00000...0.055., — 260 
20% Co-Ni.................000.. —4 
25% Co, 50% Ni, 25% Fe......... 4 
DU DINO ec. caieuke Ge ae denen. 350 
7% Si-Fe..............0 00000000. 180 
24% Cu-Ni....... 2 eee, 5 
Fe;0, Bical ie ree atest Setar hens ned eae hes, rates —135 
Fe;0,¢ Seiler ta estas Se eb eer oe alate BFE ee hee ee oe — 1104 
Fe;O,, ood! FG 0 ae Cera ee ee +254 
Coo. glee. 204° Giclee: NOEL Ya, eerie ge gs eeses we oe cal x ee -% 3,400 
Co. iFe,. 904°. Soi rceeve cobra cence ee Sere = 1,800 
Coo.3Zno.2F ee 204 Se oe ee 1,500 
“Mno.4sZno. 5sF'e20,/. ee eee ee a: —4 . 
Mn oF e1.90,, 20°C2, Ase teed celee sot : thinset —33 
Mni oFes.00,, —195°Co............ ~240 
Nio. 76F Co. 1604, 20° Ch Pub ceekaos Eudes ee ed —39, — 434 
Nio. i6F'2. 1604, — 195°C" Wee a EAS eee. hoy —42, — 744 


6 Unless specified, values are for room temperature. See R. M. Bozorth, “ Ferromagnetism, gan Van 
Nostrand Company, Inc., New York, 1951, except as noted. Additional data are given in the original 
reports. 

> R. M. Bozorth and J. G. Walker, Phys. Rev. 89, 624 (1953). 

¢L. R. Bickford, Phys. Rev, 78, 449 (1950). . 

4 Using microwave technique. eeu 
' ©R. M. Bozorth, E. F. Tilden, and A. J. Williams, Phys. Rev. 99, 1788 eee. Also other ferrites. 

SJ. K. Galt, et al., Phys. Rev. 81, 470 (1951). Pee 

_% Private communication from S. Geschwind and J. F. Dillon. 
h Bozorth, Cetlin, Galt, Yager, and Merritt, Phys. Rev. 99, 1898 (1955). 


- 6h-7. Magnetic Crystal Anisotropy. For cubic crystals, SHISOHODY energy per 
unit volume is ° 
; E = a Keele: Cova? + a22a3? ep a3 a8) + Kea1?02%a 3? 


where the a’s are the direction cosines of saturation magnetization with respect to the 
crystal axes. Usually the K. term is negligible. 
In uniaxial crystals (e.g., hexagonal) the energy is 


_E = Ki sin? 6 + Ke sin‘ 6 
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TaBLe 5h-17. ANISOTROPY CONSTANTS OF UNIAXIAL CRYSTALS 


Material | 7e™Peratres | Ky x 10-8 | Ka X 10° 
Co — 176* 7.9 1.0 
20* 5.3 1.0 
20T 4.3 1.2 
220* 0.8 0.65 
39* —2.1 0.4 
BaFe1.01 20 3. 29 ; Ot 
~ 190 3.59 ot 
BaFei3sQo7 209 3.0 
—19094 c 3.8 
K, + Ke 
MnBi§ 20 12 x 108 
—190 0 
Mn.8b§ 20 2,500 
—190 — 13,000 


a eer Se ee ee ePID en ey 
* W. Sucksmith and J. E. Thompson, Proc. Roy. Soc. (London), ser. A, 225, 362 (1954). 
+R. M. Bozorth, Phys. Rev. 96, 311 (1954). 
¢t Private communication from E. W. Gorter. 
q J. J. Went, G. W. Rathenau, E. W. Gorter, and G. W. van Osterhout, Philips Tech. Rev. 18, 194 
(1952). 
§ C. Guillaud, Thesis, Strasbourg, 1943. 


@ being the angle between the saturation magnetization and the axis. Higher-order 
terms may occur. See Tables 5h-16 and 5h-17. : 

6h-8. Saturation Magnetostriction. Crystals. When a cubic crystal is magnetized 
to saturation in a direction defined by the direction cosines a1, a2, a3, the fractional 
change in length measured in the direction 1, 82, 83 is given to a first approximation 
by the relation : 


(+) =). = = A100 (a:28:" + a2?Bo? + a3Bs? — 5 
+ 3r111(a1a281B2 + 2038283 + 3018381) 


provided that in the initial condition, from which ), is measured, the domains are 
distributed equally among the easy directions of magnetization (6 (100) directions in 
Fe, 8 (111) directions in Ni). In any case, this equation gives the correct change in 
\, as the a’s are varied. Higher-power terms are sometimes used. The constants 
A100 aNd Ay are given for some cubic materials in Table 5h-18. a 

The saturation magnetostriction of polycrystalline material with random crystal 
orientations and equally distributed domains can be calculated from these constants, 
and when the fractional change in length is measured parallel.to the saturation 
magnetization (longitudinal magnetostriction) it 1s 


aa 2r100 + 3A 
aa 5 


Observed values of the saturation magnetostriction are given in Table 5h-19, 
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TaBLe 5h-18. Macnetosrriction Constants or Some Cusic Crystas* 


Material A100 x 106 Air X 106 
Hee acta het ceulbas oe akes 20 —20 
40% Ni-Fe.........0.000.00... —7 30 
60% Ni-Fe.............0000... 27 22 
73% Ni-Fe (annealed).......... 19 7 
73% Ni-Fe (quenched).......... 15 14 
80% Ni-Fe.................... 9 0 
IN ipute te ue aie ep tesettee So cow nets —46 —24 
OU DIANE. po. ccauwnens ad ete es 27 —§ 
7% Si-Fe.... 0... eee eee eee. —5 3 
10 ee ee nee —20 80 
Fe;O., —150°C}............... 23 55 
Nio.sF ee. 2O4t Pee Re Be Sa Ween te bok — 36 —4 
MnFe.Quf ...........2.00 eee —35 —1 
Coo.sFe220uJ ........-.2.-000-- — 590 120 
Coo. sZno. 2F ee, 2049 eigSltsk pete ene eas ee ge —210 110 
Coo.sMno. «Fee. 0044 Bed el Meds Btn So Ge — 200 65 
. Mno.6Zno.1F e2.1:0469 Medic S ue ge Seana sey « —14 14 


*See above equations. R. M. Bozorth, ‘“Ferromagnetism,”’ D. Van Nostrand Company, Inc., 
New York, 1951. os 

+L. R. Bickford, J. Pappis, and J. L. Stull, Phys. Rev. 99, 1210 (1955). 

{ R. M. Bozorth and J. G. Walker, Phys. Rev. 88, 1209 (1952). 

{| R. M. Bozorth, E. F. Tilden, and A. J. Williams, Phys. Rev. 99, 1788 (1955). 


TaBLe 5h-19. SaruraTION MAGNETOSTRICTION OF SOME 
POLYCRYSTALLINE MATERIALS 


Material* (wt. %) A, X 108 Material f 

TOO Fee 8 oe ona Vee Hows bao’ MnFe.0, Se T ana Sitar on sak eugene. one wees —5 

80 Fe, 20 Co... . 2.2.0 .00... 30 BOG Oe eih http Geant ad oes +40 

60 Fe, 40 Co............... 65 CoF e200. ios ped l ees be kes —110tf 
40 Fe, 60 Co............... 70 NiFe.Og4.................0. —26 

30 Fe, 70 Co............... 1309 | CuFe.O.4.................. —10 

20 Fe, 80 Co............... 30 MegFe.O,.................. —§ 

100 Co SNE Beech ae Ea UR i a eS Lio. sFee. 5O4 Bite 88 al or 18F Sg Ely alas Seo ge tote He —1 

80 Fe, 20 Ni................ 35 Ferroxcube III............. <(1| 
70 Fe, 30 Ni............... 0 Ferroxcube IV A........... —4 

60 Fe, 40 Ni........0...... 15 Ferroxcube IV E........... re —22 

40 Fe, 60 Ni............... 25 Ferroxdur I................] = —25 

20 Fe, 80 Ni......... “asaltene ae 2 

10 Fe, 90 Ni............... —25 

20 Co, 80 Ni....... ee A ysteeaa lic! —10 

40 Co, 60 Ni............... 5 

60' Co, 40 Nive cavanaiiuaces | —6 

80 Co, 20 Ni.............. [| —25 


nS 


* R. M. Bozorth, ‘‘Ferromagnetism,’’ D. Van Nostrand Company, Inc., New York, 1951. 

tC. M. Diethelm, Tech. Mitt. PTT 29, 281 (1951); J. Smit and H. P. J. Wijn, ‘‘Advances in Elec- 
tronics and Electron Physics,’ vol. VI, p. 83, Academic Press, Inc., New York, 1954. 

t R. Vautier, Compt. rend. 235, 417 (1952). 

q Nesbitt, E. A., J. Appl. Phys. 21, 879 (1950). 
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The saturation magnetostriction of hexagonal orysteds ts is described by. the following 
4-constant relation: 


As = Aa[(a1B1 + a2B2)? — (e181 + a282)a363] 
+ Asl(L — as?)(1 — Bs?) — (arf1 + ae 
+ Ac[(1 — as?)B3? — (2181 + o2B2)osBa). 

+ 4rp(a181 + a2B2)asB3 


in which the direction cosines of M, (a’s) and X, (@’s) are referred to. rectangular axes 
so chosen that the 3 axis is the hexagonal crystal axis [001] and, the 1 and 2 axes are, 
respectively, [100] and [120] crystallographic axes. . 

The constants for cobalt? are 


M4 = —45 X 1078 Ap = —95 X 10-8 
Ac = +110 X 10° Xp = —100 x 1078 
Ne = oh =F Shp = —70 X 107-6 cay 


Polycrystalline Materials. Values of saturation magnetostriction r, of some alloys 
are given in Table 5h-19. The specimens do not necessarily have randomly oriented 
crystals and equally distributed domains. Further data and references to the original 
literature are found in Bozorth.’ Magnetostriction in unsaturated material is shown 
in Fig. 5h-7 for Fe, Co, Ni, and 45 per cent. Ni-Fe. 

Volume Magnetostriction. In high fields the isotropic fractional change in volume 
w usually depends linearly on the field strength H as shown in Table 5h-20. In low 
and intermediate field strengths when domain wall motion and domain. rotation are 
taking place, there is some (anisotropic) change of volume; the only well-established 
observation of this kind is on cobalt? when it is saturated perpendicular to the hex- 
agonal axis, and then is observed to be —26 X 107%: 


TABLE 5h-20. FRACTIONAL CHANGE IN VOLUME WITH FIELD STRENGTH IN 
Hicu Fre.ps* 
(Temperature is 20°C unless otherwise noted) . 


Material w X 10° /oersted 
TOG cra iad ee ae ere 0.6 
COTicicae obs Bee eees ~ 0.6 
Niscadste dace cuteee 0.6 
Ni (840°C)........... 0.2 
PesOtio sh esceseaax es —Q.1 
30% Ni-Fe........... 30 
67% Ni-Cu.......... 1.4 


* As summarized by R. M. Bozorth, ‘‘Ferromagnetism,”’ D. Van Nostrand Company, Inc., New 
York, 1951. . 
+R. M. Bozorth, Phys. Rev. 96, 311 (1954). 


5h-9. Antiferromagnetism. Antiferromagnetism is characterized by the tendency 
of the magnetic dipoles of near-neighboring atoms to be arranged antiparallel. The 
temperature at which the heat motions destroy the spatial arrangement is called the 
antiferromagnetic Curie point or the Néel point 6y, and values for some materials are 
given in Table 5h-21. Here, the Néel points are based on specific heat and neutron 
diffraction as well as magnetic susceptibility measurements. Reference to original 


1W. P. Mason, Phys. Rev. 96, 302 (1954). 
2R. M. Bozorth, Phys. Rev. 96, 311 (1954). | 
3. R. M. Bozorth, ‘‘Ferromagnetism,’’ D. Van Nostrand Ceioany, Tie New York 1951. 
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Fra. bh-7, Longitudinal magnetostriction of some materials as dependent on field strength. 
(Upper) Weak fields; (lower) strong fields. 
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TABLE 5h-21.¢ ANTIFERROMAGNETIC OR N&EL POINTS, Oy 


Substance On, “°K Substance Oy, °K 
COCs woes ed cote ear ae ee 95 ‘GAR EOs 22a cca ed omeee ds 2.5 
CONF. t 2365, cl eects eas ane 38 318 
COls 3k vecak ees CRSA RES RES 18 | WE Bie cco Gee ears 630 
COO 88 cee tae etree 291 | MnBr.-4H.O............---: 2.2 
Co(NH,)2(SO«) 26H2O0!7....... : O08" MnCl. sac eee dirt cere 2 
CrCl, Dons el wands, oat Beenie ean a tals Seo tas Mca cece nits fay 2 40 MnCl,:-4H.O i Baseman; GeEOE S,.gy baad oe 
CrCl, vecGiole td Moh aetice ose eee te levee ees ae Pa 20°  <PIMD Es. o6-)2¢-swaeks Oe eh tad ee atone 
Cr.O3 ih cannes tt th. Shin See el Ts eee Gael ee Csten ena 307 Rte ae seid saiceds ey erties Se ae Ree a a Paha ane oe 
CEOs oe acne adiaro dhe 670; | MuOksenccncaconveaseareses 
CU Bi o2s 62.8664 24e Pease tee 103°. “PIMNSee eae dantoes ete’ 
CuCle-2H20........-.-.--5-- 4.3 
CC co nS eet eos 70 Paver pe ee gg Fete 
CHO nonce Satkee Gs oe ees O30; “EMn Testy. eea tc ele eee ay 
ErFeQO3* el te 25 alate rae eS, Sere BEE ALS HON Wes ev is ewe oe FERS eS ees 
OC lectus de eee oerGee OA NSO i 046 lo a, toi te echoes ie 
FeCos3 BR: WINIO iss cnn Std, Bas wooden has 
Pel oe eo.s dre ee eR eRe 19. ‘ENISOM on cacee eG news Sees tes 
HCO) x2 cc Mauston Ge waste tad 190. PURO Mwcccccieee chris e oe oe 
akFe.O3 nine h ewuwinh ae OS seit Ahh Rar dee eerie OB0° BV ASlse too daw eae Se eee 
POS caceotten edo rk Cie ees G613:.  FVGO Reis os besa deen ee ees 
FeSb 24 ea tte gags Baus Bb Tose Senet ae Sea a ae NSD ea Tila. NN OS he 8 eee Se ee Se 
FeSO, VGA Bi ie ES A 23 “POC reOy ). yes cee escent ata.es 
PesSIO be teehee ate a 65  [ZnFe.Os.......4.......266) 
PeTG: c2c02 050 sete ewes ees TO: “WC8te.3 fos hose sateen eye 
GOV Og? ceased ee Fae gae ats Cee BM es ee eee ea hoe ee 


« Compiled by T. R. McGuire, Naval Ordnance Laboratory. 
> First-order phase transitions which may be ferromagnetic-antiferromagnetic transitions. 

eS, 8. Shalyt, J. Exptl. Theoret. Phys. (U.S.S.R.) 8, 1073 (1939). 

é@T, Rosenquist, Acta Met. 1, 761 (1953). 

e J. W. Stout and E. Catalano, Phys. Rev. 92, 1575 (1953). 

1 J.C. Jackson, Commun. Phys. Lab. Univ. Letden 163, 1923. 

oS. F. Adler and P. W. Selwood, J. Am. Chem. Soc. 76, 346 (1954). 

h Private communication from L. M. Corliss, J. M. Hastings, S. A. Friedberg, and J. E. Goldman. 
iC. G. Shull and M. K. Wilkinson, Revs. Modern Phys. 25, 100 (1953); L. Patrick, Phys. Rev. 98, 370 


(1954). 
iC. B. G. Garrett, J. phys. radium 12, 219 (1951). 
k R. M. Bozorth, H. J. Williams, D. E. Walsh, Phys. Rev. 108, 572 (1956). 


work can be found in summaries.1 Where the compound is not listed in the sum- 
maries, original references are noted. 

The neutron, by virtue of the fact that it possesses a magnetic moment, is capable 
of interacting with atoms having permanent electronic magnetic moments. Through 
this magnetic interaction, atoms with unpaired electrons act as scattering centers for 
neutrons. The scattering of neutrons by antiferromagnetic crystals gives rise to 
diffraction effects which are analogous to those obtained with X rays. From such 
diffraction patterns it is possible to determine the magnitudes of atomic moments and 
their orientations relative to one another. These are given in Table 5h-22. In 
favorable cases it is also possible to deduce the orientation of the magnetic moments 


1H. Labhart, Z. angew. Math. Physik 4, 1 (1953); J. S. Smart, Phys. Rev. 90, 55 (1953); 
A. B. Lidiard, Repts. Prog. in Phys. 17, 240 (1954); T. Nagamiya, K. Yosida, R. Kubo, 
Advances in Physics 4, 1 (1955). - 
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TABLE 5h-22. ANTIFERROMAGNETIC MATERIALS STUDIED BY 
NEUTRON DIFFRACTION* 


te eee Structure 
_ type 
MnoO...... NaCl (f.c 
cubic) 
MnS....... NaCl (f.c. 
cubic) 
Mnf&e...... NaCl (f.c. 
cubic) 
FeO....... NaCl (f.c. 
cubic) 
CoO.g sees NaCl (f.c. 
cubic) 
NiO....... NaCl (f.e. 
cubic) 
a-Fe.O3....| CreO3 (rhom- 
bohedral) 
Cr.0O3 alee diydcte Cr.QO;3 (rhom- 
bohedral) 
MnF....... Sn0O-2 
(tetragonal) 
FeF, edeentuarhnas Sn0O.2 
(tetragonal) 
CoF >, aes 6 lave SnO. 
(tetragonal) 
NiFs....... SnO>. 
(tetragonal) 
MnO, ; SnO, 
_ (tetragonal) 
CrSb...... NiAs 
(hexagonal) 
MnBi 
(>340- 
360°C). ..} NiAs 
(hexagonal) 
FeSi42 ee elie os NiAs 
(hexagonal) 
CuO....... Monoclinic 
(Caz) 
Chi vone ted ae. b.c. cubic 


Magnetic Néel - 


Direction 
of 
magnetic 
moments 


magnetic 
(111) 
sheets 

| cube 
edge 

|| cube 
edge 

| or 1 
(111) 
sheets } 


eoevcese eae 


|| tetrag- 
onal axis 

|| tetrag- 
onal axis 

ll tetrag- 
onal axis 

10° from 
tetrag- 
onal axis 
1 tetrag- 
onal 
axis J 

| c axis 


|| c axis 


jt c axis 
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Ref. 


unit cell point maeneUG 
in terms from neti 
eel | fraction | Fig: 5t-8) 
2d 124°K | MnO —_ 
Day ew etn ta MnO 
Zao sd||sCiw te ea ee MnO 
2G6 Lh teens MnO 
24g. te eeeeds MnO 
245, | Sh48aku MnO 
Gj  #iyencsd Fe.03 
Ge. . baeereen Cr203 
o,Co 75°K | MnF, 
Qo,Co 90°K | MnF, 
Qo,Co 45°K | MnF. 
Qo,Co 83°K | MnF,. 
2a0,2Co 120°K | MnOz 
Qo,Co = || wee eee CrSb 
Qo,fo | ...eeee CrSb 
Qoulo Nowe CrSb 
0,00,Co 230°K | { 
PES el scares oe 


eos © @ © © 
. 


5-228 


Substance 


alloys 

(69-85% 

Mn) 
ZnFe20.4 fois 
ZnCr.O.... 
LaMnOs.... 


CaMnOs. 
LaFeO3**.. 
LaCrQs.... 
La,Ca,- | 


MnO 3 


La,;Ca,- 
MnO; 
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Neutron DirrractTion* (Continued) 


Structure 
type 


‘Geimagonal) 


= Spinel (cubic) 
Spinel (cubic) 
Distorted 


perovskite 
- (pseudo- 


| cubic) 
..| Distorted 


_ perovskite 
(pseudo- 

. cubic) 

Distorted 


|. perovskite 


(pseudo- 
cubic) 
Distorted 
perovskite 
(pseudo- 
cubic) 
Distorted 
perovskite 


_ (pseudo- 


cubic) 
Distorted 
perovskite 
(pseudo- 
cubic) 


Magnetic 
unit cell 
in terms 
of cryst. 
cell 


Néel 
point 
from 
-dif- 
fraction 


Magnetic 
structure 
type (see 
Fig. 5h-8) 


TaBLE 5h-22. ANTIFERROMAGNETIC MATERIALS STUDIED BY 


ee emerennieicaceeyeet | peneyyeppemmrr is fa cern iene | nanan | <ewtincann ees 


2ao 
Zao 
0,200 


2a0- 


2dao : 


2ao 


2a0,2A0,Qo0 


4a1o,4a0,2a0 


= 100°K 


Complex 
MnCu§ 


Complex 


«08 © © © © © © © ew 


LaMnO; 


CaMnO; 


Direction 
of : Ref. 
magnetic 
moments 
eee y 10, 11 
||.c axis 12 
CRe ete oe 13 © 
Conk Sasi 14 
n cell edge | 15 
in (001) 
plane 1 
Cc axis 
Sek Se ahqeh 15 | 
ireeg eases 15 | 
eee 15 
Leathe desl 15 
ate Gt es 15 


* Compiled by L. M. Corliss and J. M. Hastings, Brookhaven National Laboratory. 


t Room temperature, l 


t Alternate (202) planes coupled antiferromagnetically. 


{ z,y directions not determined. 


§ Idealized for y Mn. 
** This compound and possibly all of the last 6 are orthorhomic [S. Geller and E. A. Wood, Aeta Cryst. 


, 563 (1956)]. 
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id fi =a" Z a 
i 4 FO a i coe a pe ee 
po a a a eS 
Me ' + = +: 
ae i = 
oO. BN ae 0 ee ee ee 
a, + --+ Co Ag, Vi fy Bess do a a . 209 
i V a eee a va * 6 
MNnFo Mn0Oo5 Crsb La, Cog, M003 


Mncu Lomn0, Camn03 


Fia. 5h-8. Orientations of magnetic moments in antiferromagnetic materials of various 
types. Here + and — signs indicate oppositely directed moments. The directions of the 
moments in any given material are given in Table 5h-22, column (6). 


relative to. the crystallographic axes. In the diagrams of Fig. 5h-8 plus and minus 
signs have been used whenever possible to. denote oppositely directed magnetic 
moments. The orientation of the antiferromagnetically coupled system of moments 
relative to crystallographic axes is indicated in a separate column in Tablé 5h-22. 
5h-10. yr omagnctic Ratios and Spectroscopic Splitting Factors.!. The gyro- 
magnetic ratio g’ is defined by the relation | | | 


, _ M 2m 
J oe 
1 Compiled by J. K. Galt, Bell Telephone Laboratories. 


5-230 ELECTRICITY AND MAGNETISM 


TaBLE 5h-23. Specrroscopic (LANDE) SPLITTING FAcTORS g AND 
GYROMAGNETIC Ratios g’ oF Various SUBSTANCES 
(Compiled July, 1953) 


Substance g’ Ref. g Ref. 
Fe 1.934 + 0.006 1 |2.12 2 
| 1.946 + 0.002 3 2.14 4 
Co 1.855 + 0.013 1 12.22 2 
1.873 + 0.008 3 
Ni 1.912 + 0.008 1 |2.19-2.42 | 2,5 
1.855 + 0.004 3 
Binary Fe-Co-Ni alloys = =| ....eeeeeeaes 6 
75% Fe, 24.5% Ni (Hopkinson’s alloy) 1.967 + 0.002 1 
65% Fe, 34% Co (Preuss’ alloy) 1.931 + 0.003 1 
50% Fe, 50% Ni (Hipernik) 1.903 1 
22% Fe, 78% Ni (Permalloy) 1.910 + 0.002 1 |2.07-2.14 | 6a 


15% Fe, 79% Ni, 5% Mo, 0.56% Mn 
(Supermalloy) sss eee soe \2eLt 7 


54% Co, 45% Ni (Bloch’s alloy) 1.862 + 0.004 1 

Heusler alloy 2.000 + 0.022 1 |2.01 8 
MnO-Fe.0; 1.94 +0.04 10 |2.00 11 
Fe304 1.96 + 0.06 9 |2.11 + 0.04 12 
~FeS 1.12 0.62 9 

NiO-Fe203 1.94 + 0.04 9 |2.19 13 
CuO-Fe.03 1.94 +0.04 9 

Copper ferrite* 4 eee 2.05 14 
Ni-Zn ferrite* Poe ieee 2.12 15 
MgO-Fe.0; |. © | vicveceeeeees 2.04 16 
Mno. 454No. 55; e204 eases Mee Shen whan te head ... {2.00 17 
Lio. sF'e1.o5Cri.osO4 boat Aa far Seated Ete Boy dott To, PWS oie tog to) Bt ec ese 18 
Lio. sFeCri.5O4 Shai ew ate Ais oe 9 Somos ers ect bel f geb eee 18 
Fe203(a) 1.96 + 0.05 9 . 


NiAlzF@s 204, 42d nee eee ee ee ae ere eee 19 


* Composition not certain. 
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where m/e is the mass-to-charge ratio of the electron and c is the velocity of light. 
M/J is the ratio of the dipole moment to the angular momentum of the electrons 
which contribute to the spontaneous magnetization as measured in an Einstein-de 
Haas or a Barnett-effect experiment. 

The spectroscopic splitting factor g for ferromagnetic materials is defined thus: 


_ hv 
9 = BH 
where » is the Larmor precession frequency of the moment associated with a sample 
of the material in a field H as measured in a ferromagnetic-resonance experiment, h is 
Planck’s constant, and 6 is the Bohr magneton. See Table 5h-23. 
6h-11. Magneto-optical Rotation (Faraday Effect).! This subject is treated in 
two parts, separate attention being given to the Faraday effect in ferrites and related 
materials at microwave frequencies. | 
In most nonferromagnetic materials the rotation of the plane of polarization can be 


represented by the relation 
6= KML + VHL 


where 6 = rotation, minutes of arc 
M = intensity of magnetization of medium, cgs units 
H = magnetic field, oersteds 
L = path length, em 
V = Verdet’s constant, minutes / (oersted-cm) 
K = Kundt’s constant, (minutes/cm) / (magnetic moment /cm3) | 
This equation is valid for most paramagnetic and diamagnetic materials if measure- 
ments are not taken in the region of an absorption line. If the susceptibility of the 
diamagnetic or paramagnetic substance does not depend upon field strength, then the 
rotation can be written in terms of a Verdet’s constant alone. In ferromagnetic 
materials no simple relation is valid. Data are given in Table 5h-24. 
The Faraday effect which occurs at microwave frequencies is described by the 
relation 


= 5. Ve(VWu +K — Vu — KL 


rotation, radians 


where 6 = 
w = angular frequency, radians /sec 
c = velocity of light 


L = path length, cm 
e = dielectric constant 


1Compiled by C. L. Hogan, Harvard University, and J. H. Rowen, Bell Telephone 
Laboratories. 
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TABLE 5h-24. FARADAY ROTATION IN Various MATERIALS 
Thin Films of Iron* Wavelength 5,790 A, 4nM, ~ 21,000 gauss 


Magnetic field, 
oersteds 


Be 


ooooo°o 
ore eee 


Path length, 


Rotation X 1074, 
deg /em 


Diamagnetic Solids and Liquids 


nn 


Wavelength, V X 103,. 
Substance | A. min-oersted~! cm™!. 
H.0, 25°C 2,496 0.1042° 
5 ,000 0.0184° 
10,000 0.004104 
| 13 ,000 0.002644 
C.H;OH?, 20°C 5 ,893 0.1112 
CH;0H4, 20°C 5 ,893 0.0094 
CH.?, 20°C 5,893 0.0297 
C824, 20°C 5 , 893 0.04226 
Quartz? | to axis 5 , 893 0.01664 
| 
| - Gases? — | | 
he Ss ans ota oe ee ee 
O:, 7.0°C, 100 kg/cm? 4,230 0.908 
,050 0.604 
6 , 560 0.484 
Air, 17.6°C, 100 kg/cm? 4 ,230 (1.062 
| ,950 0.618 
6 ,560 0.452 
No, 100 kg/cm?, 14°C 4 ,230 1.097 
| , 0590 0.620 
bat 6,560 0.439. 
COs, 1 atm, 6.5°C | 4,230 0.01723 
7 a 5,550 0.00975 
6 ,560 0.00691 
Liquefied Gases/ 
No, —195.5°C | 5 , 893 4.15 
Oz, —182.5°C 5 ,893 7.82 
SOs, —10°C 5,893 18 
C82, +18°C 5 893 43 
CH;Cl, +18°C 5 893 12.9 
CO2, +26°C 5,893 2.07 
N2O, —92°C2 5 ,893 5.54 


aH. Konig, Optik 3, 101 (1948). 

>, Landau, Phystk. Z. 9, 417 (1918). 

eT, H. Siertsema, Arch. Néerl. 6, 826 (1901). 

41. R. Ingersoll, Phys. Rer. 23, 489 (1906). 

e Siertsema, Vers, Konink. Ned. Akad. Wetenschap. Proc. 2, 31 (1894); 3, 230 (1895); 4, 317 (1896); 
5, 132 (1897).. . _ um A a a : 

$8. Chaudier, Compt. rend. 156, 1008, 1529 (1913). 

9 Siertsema, Commun. Phus. Lab. Univ. Leiden 90, 91 (1904). 
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and wand K are components of a permeability tensor which describes the behavior of 
materials under the combined influence of a static and an orthogonal r-f magnetic 
field. When w > 4rMy and w > yH, the tensor components are given approximately 
by : 

4n My 


2) 


pal K = 


where y = ge/2mc ~ 1.76 X 107 radians/ (sec-oersted). The rotation is then inde- 
pendent of frequency and field and is! ; 


6= aa 4n My 
Table 5h-25 shows the Faraday rotation observed in a completely filled waveguide 
and in waveguides containing slender cylinders of ferrite along the waveguide axis. 
Measurements of completely filled waveguides are reliable only when the materials 
attenuate the wave appreciably because of the effects of internal reflections arising 
from. the abrupt discontinuities at the ferrite-air interfaces. The data on the com- 
pletely filled waveguide show the dependence of rotation upon magnetization as 


: 20 vom . 
uo 
ae J) \ | £=8950mc/sec 
2 te 10 O 
ez co oe ek Se 
az \ 
oz 0 , 
Ze Mg, 3 Mn, 1. Fe, 70. | 
o< 3 J 91.3 0.15 FEy.7 O4 
te pe. — 
iS < le —— 5 CM ——_» 
&5 _29 
oO 500 1000 1500 2000 2500 3000 3500 4000 


APPLIED MAGNETIC FIELD IN OERSTEDS 


Fia. 5h-9. Faraday rotation in Mg-Mn-ferrite as a function of the magnetic field strength. 
Wavelength, 3 cm; path length, 5 cm. 


evidenced by the fact that the rotation approaches a limit as the applied field saturates 
the sample. 

The data on the slender samples give the rotation at a field just sufficient to saturate 
the sample. The losses observed under these conditions are also shown along with the 
figure of merit given by the rotation in degrees per decibel of loss. 

The dependence of Faraday rotation on magnetizing field is given? in Fig. 5h-9 for 
a slender sample. : : er 

Table 5h-26 giving data on ionized gases and semiconductors is included here 
because the phenomenon involved is closely related to the Faraday rotation in ferrites 
and can be described by an equation similar to that on page 5-231 when the tensor 
permeability is replaced by a tensor dielectric constant. | o 

5h-12. Hall Constants of Ferromagnetic Elements and Alloys. In ferromagnetic 
materials the Hall potential difference Ex is given by the expression 


En + = Ro + RiM = R,(H + 4xaM) 
where ¢ is the thickness of the sample measured parallel to the magnetic field H, and J 
is the electric current in the material. M is the macroscopic magnetization within the 


: For further information, see C. L. Hogan, Bell System Tech. J. 31, 1-30 (1952). 
* Unpublished data by C. L. Hogan. . eg 
3 Compiled by Emerson M. Pugh, Carnegie Institute of Technology. 
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TABLE 5h-25. FaraDAyY ROTATION IN FERRITE MATERIALS 
Completely Filled Waveguide 
(Note wavelength A and saturated magnetization M,) 


Material Applied H, | Rotation, 


oersteds deg /cm 
Mno.;ZDo.sFe20.* 0 — 0 
(47M, = 1,500) 500 30 
(A = 3.33 cm) 1,000 80 
1,500 120 
2,000 123 
2,500 123 
MgFe2O,ut 0 0 
(47M, = 900) 200 3 
(A = 3 cm) 600 9 
1.,000 14.3 
1,400 14.3 
MgAlo.sFe1.cOut 0 0 
(4rM, = 540) 200 3 
(AX = 3 cm) 400 6 
500 7.4 
1,400 7.4 
MgAlo.sFe1.20«f 0 0 
(4rM, = 54) 100 1.1 
(\ = 3 cm) 1,000 1.1 


Waveguides Containing Slender Cylinders 


(Faraday rotation at 4,000 Mc.{ Measurements on rods 1.35 cm diam, 
supported in polystyrene in 5 cm diam waveguide) 


et Rotation, Loss, ae ot 

Composition eee dew/em ay jer merit, 

5 5 deg /db 
Nio.6ZNo.4Mno,2Fe1. gO 4 pie gheh ce go iaietiioe oe as Wt alec 19. 5 
MeusMno.2Fe1.504 ne aetna: ties ie ae Bat age Se 21.7 


Mgi.oMno. 1Alo.oFe 1.904 ca. Ric weet Re Selgat eee wee 


(Faraday rotation at 11,200 Mc/sec.{ Measurements on rods 0.355 cm diam, 
supported in polyfoam in 1.9 cm diam waveguide) 


4rM,, | Rotation, 


Composition 
gauss deg /cm den sab 
Nio, 4200.6 M no. o2F'e1.904 Oa Soke Pictei Beene Niiaeeus 3 ; 850 ; 0.013 730 
Nio. 7209. aM no. iF ey. 504 Se aoe ger tek cen we eS es POo eb ce Sedat 2 150 


Mgo. iMno. o2Alo. oF'e;.704 Nee aE ean terre ee eee 5 ‘ 370 
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TaBie 5h-25. Farapay Roration In FERRITE MATERIALS (Continued) 


(Faraday rotation at 24,000 Mc, rods 1.0 mm diam q) 


Composition § 4M ., Rotation, 


gauss | deg/cm 
Ferroxcube 4A 3,360 13.8 
| 4B 4,400 28.0 
4C 4,365 20.0 
4D 3,470 9.8 
4E 2,315 5.8 


eee 
*C. L. Hogan, Bell System Pech. J. 31, 1-30 (1952). 
{ F. F. Roberts, J. phys. radium 12, 305 (1951). 
t Private communication from J. P. Schafer, Bell Telephone Laboratories. 
{ A.A.T.M. van Trier, Thesjs, Delft, 1953. 
§ See Table 5h-11. 


TaBie 5h-26. Farapay Rovation 1n OrgerR MATERIALS 


Free Electrons in Ionized Gases 


| Wavelength, Magnetic Pressure, Electron Rotation, 
Substance field, ces density * deg / 
_ oersteds 8 No. /em? ae 
Net 4 38.8 0.040 4.10 X 101! 0.649 
7 8 51.8 0.030 5.31 1.28 
AT 4 | 64.4 0.004 0.40 0.0653 
: 64.4 0.042 4.08 0.995 
75.0 0.040 5.21 1.74 
Nt 4 63.6 | 0.120 5.45 1.83 
Ne +1% At 5.45 500 a eee eee 0.394 
1,000, | wo... | eee. 2.36 
P200>  Y Seads AP Skane d Bock 7.08 
1,500 | wo... Fol... 12.6 


Semiconductors 
(The only data available are on high-purity germanium J under the following 
conditions: temp., 77°K; N type; electron mobility at 77°K, 28,000 cm? 
volt—! sec—!; carrier density, 1014 electrons/cm!; A, 1.25 cm) 


Magnetic Rotation, Magnetic Rotation 

field, dees field, deg/ ' 

oersteds eeren oersteds eee 
1,690 364 8 , 450 324 
3,380. 532 10,140 212 
5,070 538 11,830 109 
458 13, 520 212 


6,760 


* Calculated. 

t P. Keck and J. Zenneck, Hochfreg. u. Elektroakus. 40, 153 (1932); Keck, Ann. Physik 15, 903-925 
(1932). 

tL. Goldstein and M. Lampert, Phys. Rev. 82, 956 (1951). 

J H. Suhl and G. L. Pearson, Phys. Rev. 92, 858 (1953). 
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material and Ro, Ri, and a are constants of the material when their temperatures are 
held constant. Table 5h-27 lists values of Ro in ohya-cm /oersted and R, in ohm-cm 
per cgs unit of magnetization M. Negative signs indicate electronic-type conduc- 
tion. Ry = Arak. Bs oc 

5h-13. Susceptibility. The atomic susceptibilities of the elements at room temper- 
ature are shown in Fig. 5h-10. 


x1076 
100,000 212 
10,000 
IRON, COBALT, NICKEL. 
0 FERROMAGNETIC 
© aN 
1000 
| Mn 
a | Scg V 
e 100 | TL Srozr 
a 
—\ Oca 
oOo - Lu. - | | 
- Pi Na Al - we cee ee ee ee ee ee 
o nh 
10 ] | Rb | 
‘ OO) 
3. | oy Mg Sn Os 
77) 
Vv ; 
3 ; l PARAMAGNETIC 
a ate | ° 
< 


40 50 ~ 70 80 
ATOMIC NUMBER 
Fig. 5h-10. Atomic susceptibility of the elements at room temperature. 


o- 10 “20 30 60 


Data are given in Table 5h-28 for materials which follow a Curie-Weiss law over a 
substantial temperature range. The law is © aS FER 


C 


Xmole = T — 0 : 


in which xmole is the molar susceptibility (cgs magnetic moment per mole per oersted), 
C the Curie-Weiss constant, T the temperature in °K, and @ a constant. In addition 
to C and 6, the corresponding number of effective Bohr magnetons per formula unit 


is given, obtained from the relation 


Neff = (Siexnor im) = 2.83 /C 


where B is the magnetic moment of the Bohr magneton (9.274 x 1077 erg /gauss). | 


1 Compiled by J. K. Galt, Bell Telephone Laboratories. | 
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TaBie 5h-27. Hatt Constants or Some MATERIALS 


Elements 

. Element SULLY, Ref. 

atomic % 
Fe “| 99.9 1 
. | 298 Yee. oP 9B, 2 
Co ‘| 99.1 1 
Ni Mende | 2 
Ni —-99.6 3 
99.99 3 
99.99 4 


| .. Alloys with Nickel 


Pec any | POOR. euscagie (fs uaseaols oe Ref. 
atomic % K aes 
Fe 10.5 290 _+-17  —448 22) 4 
| 77 —4.5 206 3.7 
20 4 O25 4.5 
16 290 —17 —83 0.4 4 
: 77 —22 | ~193 - 0.7 
20 —23.5 —240 0.8 
25 i 289 —18.5 427 —1.81 5 
55 301 . —18.7 11,000 —46.8 5 
Co 10 290 22.5 —1,210 4.3 4 
eG os TT eh heh = 135 1.7 
: se 20 cl) 1-12 —~211 1.4 
11 = 298 |: —11.3 -—1,210 8.52 1 
: ee 280 |  —11.3 —1,040 7.32 
20 ui 290 | .-19 320 1.34 4 
| — 77 1. :—20 © _ —270 - 1.07 
a 202 QI 298 1.13 
22 . 284 | —15.6 | —14 0.07 1 
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TABLE 5h-27. Hatt Constants OF SOME Mareriats (Continued) 
Alloys with Nickel 


Element and Temp., 


boi ico ox Ro X 103. | Ri X 1038 Ref. 
Co | 30 290 —13 715 4 
77 —28 | 284 | 
20 —29 — 404 
38 294 —19.9 292 1 
283 —19.9 250 
53 294 —19.6 All 1 
279 —19.6 318 
70 298 —19.9 330 1 
282 —19.9 268 
85 294 —16.4 179 1 
282 —16.4 167 : 
Cu 10 293 —10.8 —2,960 21.8 3 
77 —14.4 —1,230 6.8 
14 —18.3 —1,130 4.9 
20 301 —14.5 —6,615 36.3 3 
77 —19.8 —2 ,690 10.8 
20 —23 .2 — 2,440 8.4 
2 — 23.4 —2,410 8.2 
30* 293 —13 . —10,000 61.2 3 
77 —19.5 — 6,090 24.8 
20 —21.2 — 5,530 20.8 
14 —21.2 —5,470 20.5 
40* 293 —13 n 3 
77 —17.7 —4,810 21.6 
20 —18.8 | —4,300 18.2 
4 —21.9 . — 4,290 15.6 
50* 300 —14 nn 3 
717 —14.8 1,730 
20 —16.6 375 
60 300 —13.5 n 3 
77 —14.3 n- 
65 292 —12.8 n 3 
3 n 
A n 
7 n 3 
A, n 
4 n 3 
3 n 
it n 
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TaBLE 5h-27. Hatt Constants or SoME MATERIALS (Continued) 
Alloys with Nickel 


Element and | Temp., . 


atomic % °“K Ho. X10" Hage AOe 
V 7. | 293 |. —48 | — 28,300 
77 | 19.5 —32 ,300 
| | 20 —16 —30, 000 
Mo 3 293 —15 — 13,600 
| 77 —10.5 — 10,600 
20 Site 2 —10,500 
Ww 1.6 293 = —5,100 6 x 
7 77 —10.5 —2,700 21 —— 
20 —7 —2,640 30 - 
Mn 254 309 +6.40 4,300 53 5 is 
25? 295 44.53 13,850 243 5 
297 —2.21 8,870 —320 
25° 304 —16.40 4,100 ~20 5 | 


Si 1.30 300 | ....... 6,230 | ....... 7: 
(an ere 2,950 : 
3.01 299 | ....... 12,000 | ....... 7 
We i. Seasas 6 ,620 
3.91 298 | ....... 20,200 |. ....... 7 
Tt. ‘wekeseee 15,900 ; 
5.09 300 | ....... 24 ,000 7 
RL OW, Gatacaoles 20 ,000 


eordered. partial order. 4¢disordered. * values are indeterminate, since the alloys. are not 
ferromagnetic. | . oe 

* Values for Ro are obtained from the slope d##/dB at high fields. For measurements near the 
Curie temperatures, (a — 1)0M/dB is large enough to cause errors in Ro. Corrections for this error 
have been made in the room-temperature measurements on the alloys marked. These room-temper- 
ature results may be in error by as much as 15 %, since the values of 2M /0B are not wellknown. Values 
of A: are not affected by this correction. o 
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The chemical formulas as written are the simplest which include whole numbers 
only. In many cases, however, in order to make n,;; per formula unit correspond te 
the magnetic moment of an actual paramagnetic ion, the magnetic data and calcu- 
lations refer to this formula multiplied by 14 or 14 or 14. When this is the case, the 
multiplying factor is indicated immediately after the formula thus: Dy203(%14). 
If n.s7 does correspond to the moment of a single dipole, then under certain simplifying 
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assumptions it is related to g and J by 


ness =G VIS +21) 


where J is the quantum number appropriate to the orientable angular momentum 
of the molecule. | | : 

All data in Table 5h-28 for which references are not given are taken from H. Staude.? 
Paramagnetic properties of certain ferrites above their Curie temperatures have been 
discussed by Néel,? who gives references to experimental work in this field. Further 
references to other materials which do not obey the Curie-Weiss law are also to be 
found in Staude, and in Selwood.? } | 

5h-14. Demagnetizing and Form Factors. When arod is magnetized by an applied 
field Ha, its ends carry magnetic poles which themselves cause magnetic fields in all 
parts of the rod. Normally these fields are directed in the opposite direction to the 
applied field and are therefore called demagnetizing fields. The true field acting on a 
given section of the bar, e.g., its middle, is then-the resultant of the applied field and 
the demagnetizing field AH: | 
“i : H = H a7 AH 
The demagnetizing field is approximately proportional to the intensity of magnetiza- 
tion: | | 

AH = NM. 

In ellipsoids of revolution, in which the ratio of the long to the short axis is m, the 

demagnetizing factor N is as follows: | me 


Prolate ellipsoid: 
m 


N= | eS 


Oblate ellipsoid: e 
‘ ms : m2 — 1 il 
N = 2x | ao arcsin ———- — 7 | 

when the ellipsoid is magnetized in the direction of the long dimension. ‘The sum 
of the demagnetizing factors for the three axial directions is 47. | | | 

The demagnetizing factors of rods depend somewhat on their permeabilities. They 
have been determined empirically for materials of high permeability, and Table 
5h-29 gives values of N /4z for such rods, and for ellipsoids. The demagnetizing field 
is then | . 


loge (m + /m? =) — 1| 


N 
AH = 7 (B — H) 


in oersteds, when B and H are in gauss and oersteds, respectively. Formulas for 
ellipsoids of any axial ratio, magnetized in any direction, have been given by Osborn‘ 
and by Stoner’ = , pee a _ & 

In an analogous way the form of a body affects also its magnetostriction, causing | 
it to be longer the smaller the dimensional ratio. As calculated by Becker,® in a 
prolate ellipsoid magnetized parallel to a long axis the fractional increase in length 
caused by the form is oo oe | > 

1 1 a 
| m= 5 Mew (gt x0) 

1H. Staude, ‘‘ Physikalisch-Chemisches Taschenbuch,”’ vol. 2, p. 1624, Akademische 
Verlagsgesellschaft m.b.H., Leipzig, 1949. 

2, Néel, Ann. phys. 3 [12], 137 (1948). = . ” 

3 P, W. Selwood,. ‘‘Magnetochemistry,” Interscience Publishers, Inc., New York, 1956. 

43, A. Osborn, Phys, Rev. 67, 351 (1945). oe | | 


8B. C. Stoner, Phil, Mag. 36 [7], 803 (1945). 
.'s BR. Becker, Z. Physik 87, 547 (1934). 
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| Substance 


B20;3-Fe203'2Mg02 


B2O;-Fe.03:4Cu0-. 
B.203-Fe203-4CoO-. 
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Cro(SO.4) 3% 


Cr2(SO.4)3:18H207....... 
Cr(NOs3)3-9H202. os 


CrK(SO,) 2° 12H.0 ‘ 
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TABLE 5h-28. Mouecuuar SUSCEPTIBILITIES, CURIE CONSTANTS, AND BOHR | 
Maaneton NuMBERS OF SOME PARAMAGNETIC MatTERIALS (Continued) 


Substance 


sha 


Fe(NH,)2(SO,)2: 6H,O. . 
Fe.(SO,)s. Sate ee ane Lay aieeo eet wae 
Fe(NH,)2(8O,4)2: 12H.0.. 
PesFe(CN) als 


14.5H20/( X14) 


Gd.03( X14).....-60--- 


Gd2(SO.)s(X}4).....--- 


Gd2(80.)s -8H20( 39) .. 


f10,0;(X3 46) ee er ae ee 
Ho2(SO.z)3( XK 149)........ 
Ho2(SO,.)3-8H20( X34) .. 
K¥Fe[Fe(CN) e]-1.9H20/.. 
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TaBLE 5h-28. MoLecuLAR SUSCEPTIBILITIES, CuRIE CONSTANTS, AND BOHR 
MaGNnretTON NUMBERS OF SOME PARAMAGNETIC MATERIALS (Continued) 


_ Substance 


Nd203(X34)...... oees 


Nd2(SOx)a( X}4)..... 


Nds(80.)'8H:0(X34) «. 


Pr2O3(X34)........... 
Pr2(SO.)3( X34) ea ere 
Pre(SO.4)3-8H2O( X 34). ne 


Tbh(~85%).........-. 
Tbhe(SO.)3-8H20( X34) .. 


Tm2(SQ,)s( x 49) soe 
Clyro nets Shan Cal we 
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(20°C) 
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Range of 
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Curie- C 6, °K 
Weiss law, 
°K 
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>155 1.76 — 56 
ee ee 1.53 32 
ised: Sunita 1.70 —42 
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>950 0.402 538 
>540 1.50 28 
<510 Psd 6 71 
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>21 1.01 21 
>90 | 0.99 + 0.02 0. 
_ >77 1.58 —21 
285-700 1.69 —29. 
etn ene 1.62 —71 
65-370 1.64 —44 
>140 1.63 —33 
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eae dou 2.92 —42 
>100 0.62 —20 
>100 3.34 +10 
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TABLE 5h-29. DeMAGNETIzZING Factors, N/4r, ror Rops aNp ELLIPsoIps 
: MAGNETIZED PARALLEL TO Lona AXIS 


Dimensional ratio . | Prolate | Oblate 


fisagthydiam) nee ailipagid 7) ellipsoid 
0 1.0 1.0 1.0 
1 0.27 0.3333 0.3333 
2 0.14 0.1735. 0.2364 
5 0.040 0.0558 0.1248 
10 0.0172 0.0203 0.0696 
20 0.00617 0.00675 0.0369 
50 0.00129 0.00144 0.01472. 
100 0.00036 0.000430 | 0.00776 
200 0.000090 | 0.000125 | 0.00390 
500 0.000014 | 0.0000236 | 0.001567 
1000 0.0000036 | 0.0000066 | 0.000784 
2000 0.0000009 | 0 0.000392 


.0000019 


TaBLE 5h-30. MAGNETOSTRICTION FoRM Factors | 
(See equation for ys). 


=length/diam| WN | a 
1 4.19 0.80. 
2 2.18 1.07 
3 1.37 1.23 
4 0.95 1.31 
5 0.70 | 1.38 
10 0.255 -| 1.53 
15 0.135 1.60 
20 0.085: 1.63 
30 0.043 1.68. 


where M is the intensity of magnetization, N the demagnetizing factor, k the com- 
pression modulus, and G the shear modulus (respectively, 1.6 and 0.8 X 10” dynes/cm? 
for iron), and ais —(1/N)(ON/dA11), Ai: being the principal component of the strain 
tensor. Values of a have been calculated by Becker and are given in Table 5h-30. 

In a cubic crystal! magnetized parallel to a cube axis the increase in length caused 
by the form is 

ae FM | 

3(Ci1 — C12) 


where ¢11 and ciz are the elastic constants, 


F= ae | a — e?)(3 + Qe?) — - Ge — i arcsin c| 


and the three axes of the ellipsoid are related by 


fp tn 
| so (1 — 2) 
1Ww, J. Carr and R. Smoluchowski, Phys. Rev. 83, 1240 (1951). 
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5i. Electrical Power Practices 


K. A. FEGLEY and C. N. WEYGANDT 


University of Pennsylvania 


bi-1. National Electrical Code. The purpose of the National Electrical Code is 
the safeguarding of persons and of buildings and their contents from electrical hazards 
arising from the use of electricity. It deals with the installation of electrical wiring 
and apparatus installed in and around public and private buildings and other premises. 
The provisions of the code constitute a minimum standard and while adherence to the 
code will result in a safe installation, it will not necessarily yield a well-designed or 
efficient system. Many governmental bodies exercising legal jurisdiction over elec- 
trical installations have adopted the code as their standard. In some localities local 
ordinances conflict with the code, so that adherence to the code does not always con- 
stitute a legal installation. | | 

The National Electrical Code is revised periodically by the National Fire Protection 
Association,! an organization whose purpose is fire prevention.’ The revised code is 
submitted to the American Standards Association (see Sec. 5i-2) for approval. The 
code is also adopted by and published by the N attonal Board of Fire Underwriters.? 

National Board of Fire Underwriters.1 Membership in this organization is limited 
to fire-insurance companies. It compiles fire-insurance and fire-loss data and estab- 
lishes standards for fire-protection apparatus. and apparatus that may cause fire 
damage if improperly designed. 

Underwriters’ Laboratories, Inc. ' This organization sets standards that are con- 
sistent with the National Electrical Code for a large number of electrical products. 
Manufacturers may submit their products to Underwriters’ Laboratories for test. 
Those products which comply with the standard are listed in the List of Inspected 
Electrical Equipment, a publication of Underwriters’ Laboratories. Manufacturers 
may elect to participate in the label service furnished by the laboratories. In this 
case, a product that complies with the standards is checked through factory inspec- 
tions and laboratory tests. The manufacturer may attach an Underwriters’ Labora- 
tories label to the approved product. | oo - 

6i-2. Electrical-apparatus Standards. NEMA Standards. N EMA, the National 
Electrical Manufacturers Association, has established voluntary standards that are 
generally used in the electrical industry. They are designed to promote production 
economies and assist the users in the proper selection of motors and generators. They 
set standards of nomenclature, construction, dimensions, operating characteristics, 
rating, and testing.‘ | “ | _— 

1 National Fire Protection Association, 60 Batterymarch St., Boston, Mass. 

? National Board of Fire Underwriters, 85 John St., New York; 222 West Adams St., 
Chicago; Merchants Exchange Building, San Francisco. 

* Underwriters’ Laboratories, Inc., 207 East Ohio St., Chicago; 161 Sixth Ave.,.New 
York; 500 Sansome St., San Francisco. 


* NEMA standards may be obtained by writing to the National Electrical Manufacturers 
Association, 155 East 44th St.. New York. , * 
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AIEE Standards. AIEE standards are established by the American Institute of 
Electrical Engineers and deal with standards of temperature rise, classification of 
insulating materials, rating methods, and test codes.’ 

ASA Standards. ASA.standards are established by the American Standards 
Association which represents manufacturers, consumers, and others. An American 
standard implies a consensus of those substantially concerned with its scope. Although 
the existence of such a standard does not preclude the manufacture of machines that 
do not conform to ASA standards, most manufacturers adhere to them. ASA defines 
standards of nomenclature, composition, construction, tolerance, operating character- 
istics, rating, and testing.’ 

5i-3. A-C and D-C Motors and Generators. Principles of Motor Operation. In an 
electric motor, electrical energy is converted into mechanical energy. This electro- 
mechanical energy conversion is possible because a mechanical force is exerted on a 
current-carrying conductor lying in a magnetic field. | 

D-C Motors. A steady-magnetic field is obtained by applying a d-c voltage to the 
coil of wire wound about the stator-pole structure. The rotor-winding conductors 
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Fia. 5i-1. Per cent full-load horsepower typical characteristic curves for d-c motors. 


are connected to copper segments that make up the commutator. Carbon or copper 
brushes make sliding contact with the commutator and supply the connection between 
the external electrical source and the rotor winding. The current-carrying rotor 
conductors lie in the magnetic field set up by the currents in the stator winding and a 
force is exerted that tends to turn the rotor. _ | 

SHUNT-WOUND, CONSTANT SPEED: The stator winding and the rotor winding are 
placed in parallel. The stator winding consists of a large number of turns of small- 
sized wire. The current required by the stator winding is small in comparison with the 
rated current of the rotor winding. This motor is designed to operate at an almost 
constant speed (Fig. 51-1). ‘ 7 Me a) 

SHUNT-WOUND, ADJUSTABLE SPEED: This motor is similar to the shunt-wound, con- 
stant-speed motor, except that the current in the stator winding may be varied over a 
relatively wide range to obtain speed control. In fractional-horsepower motors speed 
control is obtained by varying the armature circuit resistance. | | 

SERIES-WOUND, VARYING SPEED: The stator winding and the rotor winding are 
placed in series. The stator winding consists of a small number of turns of large- 
sized wire. Since the current in the stator winding increases with an increased motor 
load, the air-gap flux and motor speed vary with load (Fig. 5i-1). 


1 AIEE standards may be obtained from the American Institute of Electrical Engineers, 
33 West 39th St., New York. 

2For ASA standards, address requests to the American Standards Association, Inc., 
70 East 45th St., New York. 
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COMPOUND-WOUND, CONSTANT SPEED: The compound-wound motor has two stator 
windings, one in parallel with the rotor winding and the second in series with the rotor 
winding. Usually the ampere-turns of the shunt winding greatly exceed those of the 
series winding, and hence the characteristics (Fig. 5i-1) of this motor are similar to 
those of the shunt-wound motor. 

Polyphase A-C Induction Motor. A polyphase a-c voltage is applied to the stator 
windings. The current in the stator windings sets up a magnetic field in the air gap 
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Fie. 5i-2. Typical characteristic curves for Fie. 5i-3. Typical characteristic curves for 

squirrel-cage induction motors. the wound-rotor induction motor. 


between the stator and rotor. The magnetic field in the air gap rotates around — 
the air-gap periphery at a speed n, given by the equation 


_ 120» 
Pp 


Ne 


where n, = synchronous speed 

y = frequency, cps, of the applied voltage 

p = number of poles for which stator is wound 
The rotor rotates at a lower speed than the revolving magnetic fieldin the airgap. The 
rotor conductors are linked, therefore, by a varying magnetic field and a voltage is 
induced in the rotor conductors. The rotor circuit is either short-circuited or closed 
through resistors. Since the rotor conductors carry a current and lie in the field of 
flux set up by the stator-winding currents, a force is exerted that tends to turn the 
rotor. | . 
SQUIRREL-CAGE ROTOR: Uninsulated copper bars set in slots cut in the magnetic iron 
rotor laminations form the rotor winding. ‘These bars are short-circuited by copper 
end rings. In some designs the rotor bars are cast and are not copper. NEMA has 
established many standards for induction-motor design. Figure 5i-2 shows torque- 
speed curves for the most used squirrel-cage motors, NEMA designs B, C, and D. 
The squirrel-cage induction motor operates at an almost constant speed. It generally 
has the lowest first cost and lowest maintenance costs of all motors. 

WOUND ROTOR: The rotor winding is a distributed polyphase winding similar to the 
stator winding. The ends of the winding are connected to slip rings. Brushes make 
sliding contact with the slip rings and form the connection between the rotor winding 
and the external rotor resistance: Torque-speed curves for a typical wound-rotor 
induction motor are shown in Fig. 5i-3. As the resistance in the rotor circuit is 
increased, the full-load speed decreases, as does the speed at which maximum torque 
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occurs. The speed control obtained by inserting rotor resistance is at the expense of 
reduced motor efficiency. Inserting additional resistance in the rotor circuit to start 
the motor reduces the starting current and makes it possible to obtain maximum 
torque at motor standstill (see curve RA, of Fig. 51-3). 

Synchronous Motor. The synchronous motor has a polyphase a-c excited stator 
winding and a d-c excited rotor winding. A revolving magnetic field is set up in the 
air gap by the currents in the stator windings. A steady magnetic field is set up by 
the d-c current in the rotor winding. If the rotor is rotating at the same speed as the 
rotating field due to the stator currents, a force will act to keep the two magnetic 
fields lined up. If the rotor field and the stator field are not rotating at the same 
speed, the mechanical force will act first in one direction and then in the opposite 
direction, so that the net force will be zero. There is a net force exerted at one speed 
only, and so the synchronous motor must have an auxiliary means for starting. 
Usually a squirrel-cage winding is placed on the rotor and the motor started as a 
polyphase induction motor. Most synchronous motors have noncylindrical rotors 
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Fie. 5i-4. Typical torque-speed curve for a Fia. 5i-5. Typical torque curve for a split- 
synchronous motor. phase motor. 


and are called salient-pole machines. A typical torque-speed curve for a synchronous 
motor is shown in Fig. 5i-4. At speeds below synchronous speed, the torque devel- 
oped is due to induction-motor action. At approximately 95 per cent of synchronous 
speed the motor will “pull in” to synchronism. After the motor is synchronized, it 
will continue to run.at synchronous speed if the load torque does not exceed the 
“pull-out torque.’’? Polyphase synchronous motors are not usually used in sizes below 
20 hp. Their first cost is high, and for most constant-speed applications, the almost 
constant speed of the induction motor is satisfactory. For rating above 50 hp, there 
may be an economic advantage in using synchronous machines since their efficiency 
is higher than similarly rated induction motors, and they can be used for power-factor 
correction. 

Single-phase A-C I auction Motor. Ifa sania elias is applied to one. phase 
winding on the stator of a polyphase motor, the motor will not start since there is no 
revolving field. If the motor is already running, however, single-phase excitation is 
sufficient to keep it running. For the single-phase motor, therefore, it is necessary to 
have some auxiliary means for starting the motor. 

-SPLIT-PHASE: An auxiliary stator winding is placed in electrical space quadrature 
with the main winding. This auxiliary winding has a different resistance to reactance 
ratio from the main winding, so that the currents in the two windings are not in phase. 
Since the windings are not in space phase and the currents in the windings are not. in 
time phase, a component of the air-gap magnetic field will rotate even when the rotor 


ELECTRICAL POWER PRACTICES 5-249 


is stationary, and starting torque is provided. To prevent overheating, the auxiliary 
winding is disconnected by a centrifugal switch or other means, after the motor is 
started. Figure 5i-5 shows a typical torque-speed curve for a split-phase motor. 
CAPACITOR-START: As in the split-phase motor, an auxiliary winding is placed in 
quadrature with the main stator winding. A capacitor is placed in the external 
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Fig. 5i-6. Typical torque-speed curve fora  Fia. 5i-7. Typical torque-speed curve for a 
capacitor-start motor. permanent-split-capacitor motor. 
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circuit of the auxiliary winding. The current in the auxiliary winding leads the 
applied voltage. The phase difference between the currents in the main and auxiliary 
windings can be made approximately 90 deg. The component of the magnetic field 
that rotates is larger than in the split-phase motor and hence the starting torque is 
larger. The auxiliary winding is disconnected after the motor has come up to speed. 

PERMANENT-SPLIT-CAPACITOR: The aux- | 
iliary winding circuit is similar to the 
auxiliary winding circuit in the capacitor- 
start motor. The auxiliary winding is 
not, however, disconnected after the 
motor has come up to speed. A compar- 
ison of Figs. 5i-6 and 5i-7 shows that the | 
permanent-split-capacitor motor has a 
lower starting torque and lower maxi- 
mum torque than the capacitor-start 
motor. 

SHADED-POLE: A permanently short- 
circuited auxiliary winding is placed at 
an electrical angle of 30 to 60 deg from PERCENT SYNCHRONOUS SPEED 
the main winding. This auxiliary wind- Fia. 5i-8. Typical torque-speed curve for a 
ing is called a “shading coil” and is shaded-pole motor. | 
usually an uninsulated copper strap. - 

The voltage induced in the “shading coil’’ produces a current that is not in phase 
with the current in the main winding, so that a revolving field, and hence a starting 
torque (Fig. 5i-8), is produced. | | 

REPULSION-START: This motor operates on the repulsion-motor principle while | 
accelerating. After it has approached normal speed, a centrifugal switch short- 
circuits the rotor commutator segments. This rotor circuit is then similar to a 
squirrel-cage rotor and the motor operates as an induction motor. The repulsion- 
start motor is used in applications where a high starting torque is needed. In:recent 
years, the less expensive capacitor-start motor has largely replaced the repulsion-start . 
motor, es 
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Synchronous Reluctance Motor. If the d-c rotor winding of a salient-pole syn- 
chronous machine is disconnected from the d-c supply lines, the motor will continue 
to run if the load connected to the shaft of the machine is small. A mechanical force 
tends to bring the salient pole structure into line with the magnetic field. The mag- 
netic field in the air gap is revolving and the pole structure follows. This is the 
principle of operation of the reluctance motor. The reluctance motor therefore 
requires no d-c excitation. Usually the reluctance motor is a single-phase a-c machine 
with the revolving field set up by one of the methods used in the single-phase induction 
motor described above. The auxiliary winding in the single-phase reluctance motor 
cannot be disconnected after the motor has come up to speed. The motor operates 
as an induction motor until it has reached synchronous speed (Fig. 51-9) and then 
operates on the reluctance principle. | 

Series Universal. The universal motor is a series-wound commutator machine and 
so is similar to the d-c series-wound machine. It is designed to operate satisfactorily 
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PERCENT SYNCHRONOUS SPEED PER CENT SYNCHRONOUS SPEED 
Fig. 5i-9. Typical torque-speed curve for a F ia. 5i-10. Typical torque-speed curve for a 
synchronous reluctance motor. series universal motor. 


with either a-c or d-c excitation. A variable resistance is frequently placed in series 
with the windings to secure speed control (Fig. 5i-10). Universal motors are employed 
in fractional-horsepower ratings where high speeds and /or variable speeds are needed. 
Applications include electric hand drills, vacuum cleaners, and food mixers. 

Repulsion Motor. This motor has the commutator and distributed rotor winding 
of a d-c motor. The machine is a-c excited, however, and no direct electrical connec- 
tion is made between the electrical source and the rotor circuit. An a-c voltage is 
applied to the stator winding, setting up an alternating field in the air gap. This field 
links the rotor winding and induces a voltage which causes a current in the rotor 
circuit. The brushes which make sliding contact with the commutator are short- 
circuited together. The operating characteristics of this motor are similar to those 
of the universal motor. 

5i-4. Motor Selection. The following factors should be considered in selecting a 
motor: , 

1. Power supply available. The motor must be selected to match the power supply 
if the expense of purchasing a motor-generator set or other conversion equipment is to 
be avoided. Determine these characteristics of the power supply: (a) a-c or d-c, (6) 
voltage, (c) number of phases if it is an a-c supply, and (d) frequency if it is an a-c 
supply. Tables 5i-1 and. 5i-2 indicate what power supply is required for motors. 

2. Horsepower required. One of the following methods may be used to determine 
the horsepower required. 
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a. If the required torque is known, the horsepower required may be found by 

applying the equation | - | cakes j 
s hp = torque (ft-lb) X speed of shaft (rpm) 
a 5,250 | , 43 

b. Connect a larger motor than the one needed to the machine to be driven. Usea 
wattmeter to determine the power input to the driving motor. The required horse- 
power is then 
= (wattmeter reading) X (approx efficiency of driving motor) 
~ 746 


c. Ask the manufacturer of the machine to be driven what horsepower is required. 
If the driven load imposes intermittent overloads on the driving motor, the motor 


must be able to handle these overloads. 
P 450 IR-P. 
900;R.-P. 


hp 


(a) 1750 RPM d-c 
MOTOR 


haat 


(b) 1800 RPM WOUND 
ROTOR INDUCTION 
MOTOR 


(c) 1800 RPM DESIGN 


RELATIVE COST PER HORSEPOWER 
RELATIVE COST PER HORSEPOWER 


HORSEPOWER HORSEPOWER | 
Fie. 5i-11. Approximate relative cost of Fie. 5i-12. Approximate relative cost of 
several types of motors. design B induction motors at several speeds. 


3. Torque requirements. The torque required to start and accelerate the load may 
exceed the torque needed to drive the load. This high starting torque is required for 
compressors, reciprocating pumps, and conveyors. In other applications, such ag 
fans, centrifugal pumps, and many machine tools, the torque required at full load 
exceeds the starting torque. If the load torque fluctuates, the maximum torque the 
motor can develop must exceed the maximum load torque. Refer to Tables. 5i-1 and 
51-2. ee 
4. Speed requirements. Determine whether a constant-speed or adjustable-speed 
motor is needed. If an adjustable speed is required, what speed range is needed? 
If a constant speed, what is its value? Is it necessary to reverse the motor? 

For a given horsepower, the size of the motor decreases as the speed is increased. 
The cost of the motor (Figs. 51-11 and 5i-12) is largely dependent upon the size, and: 
hence a saving usually results from using a high-speed motor. Above 3,600 rpm; 
however, the costs may increase with speed. A belt connection between the motor 
and load may permit the use of a high-speed motor to drive a load at low speed. A 
cost and space saving may be effected by using a motor with a built-in gearbox.:— 

5. Selection of motor enclosure. The following motor enclosures are available: 
(a) open; (b) dripproof; (c) splashproof; (d) totally enclosed nonventilated; (e) totally 
enclosed, fan-cooled;. (f) explosionproof; and (g) waterproof. The open motor has 
the lowest cost and is used where unusual surroundings do not réquire a more 
expensive enclosure. | 7 

6. Starting current. The large starting currents of some motors cause light flicker. 


+ Oe 
- see. 
ree 
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For this:reason, many power companies set limits on the allowable starting current. 
See Table 5i-2 for the approximate starting current of integral-horsepower motors. 
7. Capacity of power line. Refer to Table 5i-3 for the normal full-load motor 
current. Table 5i-4 gives the current-carrying capacity of conductors. 

Standard Ratings. HoRsEPOWER: The following horsepower ratings are standard: 


1 
30 
1 
20 
1 
8 
1 
6 
- id 
. € 
1 
a) 


Not all the ratings listed are standard for all classes of motors. 

Tables diel aS ore indicate the horsepower ratings available for the several classes 
of motors. 

FREQUENCY AND: VOLTAGE: Standard frequencies in the United States are 25, 50, and 
60 cps; 400 eps is. also_ & much used frequency. Standard voltages are: 


1. For direct-current and single-phase alternating current, 115 and 230 volts. 
2. For polyphase alternating current, 110, 208 (for 60 cps only), 220, 440, 550, 2 300, 
4, 000, 4,600, and 6,600 volts. - 
SPEED: Standard speeds are: 
1. For conistant-speed d-c motors. 
Fraetional-horsepower: 850, 1,140, 1,725, and 3, 450 rpm ae 
Integral-horsepower: 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 575, 690, 850, 
1,150, 1,750, and 3,500 rpm 
2. For fractional: -horsepower induction motors. 
All motors: except shaded-pole and permanent-split capacitor: 
At 60° cps, 850, 1,140, 1,725, and 3,450 rpm 
. At 50 eps, 950, 1,425, and 2,850 rpm 
At 25 cps, 1,425 rpm » 
Shaced-pole motor: | 
At 60 cps, 800, 1,050, 1 1550, ae 3,000 rpm 
At 50 cps, 875,°1,300, and 2,500 =pE | 
.At:25 cps, 1,300 rpm 
Perieanent plik capacitor motor: 
At 60 eps,’ 825, 1,075, 1,625, and 3,250 rpm 
“At 50 cps, 900, 1,350, and 2,700 rpm 
At 25 eps, 1,350 rpm’ - 7 
3. For'integral-horsepower induction motors. (The speeds given below are rated 
synchronous aprons The motors operate at. a. speed slightly below synchronous 
speed.) | og , | 
eee uere motors: 
. At 60 cps, ‘900, 1, 200; 1,800, ae 3,600 rpm — 
At 50 cps, 750, 1,000, 1,500, and 3,000 rpm 7 
At '25-eps, 750 and 1,500 Mis ae 
Polyphase motors: 
_ At 60-eps, 450, 514, 600, 720, 900, 1 200, 1 800, aed 3, 600 rpm 
At 50 eps, 750, 1,000, 1,500, and 3,000 rpm “st 
At 25 cps, 500 and 750 rpm 
The speeds listed do not apply to all horsepower ratings. 
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TABLE 51-2. INTEGRAL-HORSEPOWER 


Seed Full load | 
TSpe ol wetbe Hp Rated Siac speed, % of Speed | Rated 
range speed mee synchronous control voltage 
istic 
: speed 
A-C: 
Polyphase induction motors: 
' NEMA design A....:..... if $-200 450, 514, 600, | Almost: 95-97 None 208, 220, 
a 720, 900, constant 440, 550, 
1,200, 1,800, 2,300 
3,600 
: NEMA design B............. 4-200 450, 514, 600, | Almost 95-97 None 208, 220, 
720, 900, constant ~ 440, 550, 
1,200, 1,800, 2,300 
; 3,600 
| NEMA design C............. 3-150 600, 720, 900, | Almost 95-97 None 208, 220, 
i 1,200, 1,800, | constant 440, 550, 
3,600 ; 2,300. 
; NEMA design D............. 4-125 720, 900, Almost 87-95 None 208, 220, 
i 1,200, 1,800, | constant 440, 550 
i a 3,600 
' Wound-rotor................ 4-200 450, 514, 600, | Adjustable |/ Adjustable | Rotor-circuit | 208, 220, 
{ 720, 900, resistance 440, 550, 
i 1,200, 1,800, 2,300 
i 3,600 
‘Polyphase synchronous......... 20-20,000 | 100~-3,600 Absolutely | 100 None 208, 220, 
i constant 440, 550, 
2,300 
D-C: 
iShunt-wound.................. 4-200 100-3,600 | Adjustable | .......... Shunt-field | 115, 230, 
i resistance 550 
t or armature | _ 
~ voltage 
‘Compound wound.............. 4-200 | 100-3,600 | Adjustable | .......... Shunt-field | 115, 230, 
; | resistance 550 
or armature 
voltage 
Series-wound.................. 4-200 100-3,600 Adjustable, | .......... Armature | 115, 230, 
varies with voltage 550 . 
load 


Rtn i aac ee ar 


Sn ee 

| 5i-6. Motor Control and Protection. Starting D-C Motors. Small d-c motors 
may be started by directly connecting them to the supply line. For motors rated 
2'hp or above, resistance should be inserted in series with the armature winding to 
limit the current. As the motor accelerates, the armature-circuit starting resistance 
is shorted out in a series of steps. In order to prevent overspeeding of the motor, 
full line voltage should be applied to the shunt-field winding of shunt-wound and 
egmpound-wound motors during starting. 

‘Starting A-C Motors. Fractional-horsepower motors, both single-phase and 
polyphase, are usually started by applying full line voltage to their terminals. 

| Polyphase Induction Motors. SQUIRREL-CAGE: Many polyphase induction motors 
ate started with full line voltage. For many other applications, however, the large 
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Moror CHARACTERISTICS 


Torque, % of full load Starting Radi Approx 
current, |Revers- in = price Application 
% of full ible foeacc compari- 

Starting Max load current son, % 

105-275 200-300 500-100 Yes | No 100 | Produces average starting torque and high max torque. 
The starting current is very high, however, so that 
this machine is becoming obsolete, being superseded 
by design B motors 

105-275 200-300 500-550 Yes | No 100 | Developsaverage starting torque and high max torque at 
relatively low starting current. Applications include 
fans, pumps, compressors, conveyors, machine tools. 
This is the most-used integral-horsepower motor 

200-225 190-225 500-550 Yes | No 105 | Develops high starting torque at low starting current. 
Used for hard-to-start loads such as conveyors, com- 
pressors, escalators, reciprocating pumps, and crushers 

250-315 Same as 300-800 Yes | No 110 | Has a high starting torque. Max torque occurs at 

starting rotor standstill. Used for high-inertia loads such as 
torque hoists, elevators, punch presses, and centrifuges. 

100-300. 200-300 150-1,000 Yes | Slight 225 | Develops a high starting torque at low starting current 

depending when the external rotor resistance is ptoperly ad- 
on rotor- justed. Speed can be adjusted by means of rotor- 
circuit circuit resistance. Used for blowers, fans, pumps, 
resistance conveyors, and crushers 

20-200 140-200 300-1,000 Yes | Slight 350 | Used on constant-speed applications and for power- 
factor correction. Polyphase synchronous motors 
are seldom used in sizes below 50 hp 

High, should | Should be | Should be Yes | Yes 275 | Used for drives where the required starting torque is 

be limited | limited limited not high. A constant-speed or an adjustable-speed 
to 200 by to 200 to 200 by motor may be used. Applications include wood- and 
starting starting metalworking machines, elevators, blowers, centrifu- 
resistance resistance gal pumps, and conveyors 

High, should | Should be | Should be Yes | Yes 275 | Used for machines requiring a high starting torque and 

be limited limited limited fairly constant speed. Pulsating loads such as 
to 300 by to 300 to 200 by shears, bending rolls, plunger pumps, conveyors, and 
starting starting crushers frequently have compound-wound d-c motors 
resistance resistance as drives 

Very high, Should be | Should be Yes | Yes 275 | Used as drives where very high starting torque is 

should be limited limited required and the load is always coupled to the motor. 
limited to 350 to 200 by Applications include cranes, hoists, gates, bridges, 
to 350 by starting railways, and streetcars 

starting resistance 

resistance 


Ls 


starting current required for a full-voltage start is prohibitive, and a starting compen- 
sator must be employed. This compensator may be (1) resistance inserted in series 
with each stator phase or (2) an autotransformer connected between the supply lines 
andthe motor. The resistance usually has a lower first cost but it reduces the starting 
torque and line current in the same ratio while with the autotransformer the per cent 
decrease in line current at motor standstill is greater than the per cent decrease in 
starting torque. The autotransformer losses are smaller than the losses in the start- 
ing resistance. 

WOUND-ROTOR: Starting compensators are sometimes used in the stator circuits of 
wound-rotor induction motors. In addition, the resistance in the rotor circuit is 
usually increased during starting. This increase in rotor-circuit resistance decreases 
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TaBLe 5i-3. AVERAGE FULL-LOAD CURRENTS oF MOTORS 
(From 1953 National Electrical Code; values of full-load current are approximate 
and typical only for motors running at usual speeds; low-speed motors may 
have larger full-load currents) | 


a ———— 


Full-load current, amp 


; 


Motor D-C Single-phases Three-phase induction motors, 
rating, _ motors motors squirrel-cage and wound rotor 
230 115 230 110 220 440 550 
volts volts volts volts | volts volts volts 
a ee 
i 
ra | 
a 2 1 0.8 
z 2.8 1.4 1.1 
a 3.56 1.8 1.4 
15 5 2.5 2.0 
2 6.5 3.3 2.6 
3 9. 4.5 4 
5 5 7.5 6 


oe ees 


oe 8 @ @ 


the starting current, and if not.too much resistance is added, it also increases the 
starting torque (see Fig. 5i-3). 
Polyphase Synchronous Motors. Since synchronous motors require both a-c and 
d-c supplies, the starting procedure is more complex than for the induction motor. 
Automatic controls that permit ‘‘push-button”’ starting are usually employed. — 
~ Motor Controllers. A motor controller is any device used to start and stop a motor. 
It may also incorporate overload protection, short-circuit protection, and a device to 
regulate the motor speed. | | | 
Manual Starters. The manual starter for small motors may be nothing more than 
a snap-action switch. Starters for large induction motors may contain a resistance or 
autotransformer compensator. Those designed for large d-c motors will have a 
resistance that is inserted into the armature circuit. eS | 
Magnetic Starters: Magnetic starters perform the same function as manual starters 
but: have the advantage of operating automatically after the operator pushes the 
“start” or “stop” button which can be remotely located. | 
Combination Starters. Manual and magnetic starters usually include overload pro- 
tection. A combination starter has short-circuit protection in addition to overload 
protection. It may be either a magnetic or manual starter. a 
Motor and Motor-circuit Overload Protection. The National Electrical Code sets 
minimum standards for the protection of motors and motor circuits against overloads. 
This protection is achieved by the use of thermal cutouts, circuit breakers, or fuses. 
‘The thermal cutout may consist of a heating coil surrounding a bimetallic strip 
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TaBLE 5i-4. ALLOWABLE CURRENT-CARRYING CAPACITIES OF 
INSULATED CoNpUCcTORS* 
(In amperes; based on room temperature of 30°C, 86°F) 


- Wire 
size, 


Special Provisions | Type Insulation 
General use........... Meu bones id keen et eke R, RW, RUW, T, TW, RH 
Wet locations...................0..005. ere RW, RUW, TW, AVL 
Dry locations only (not general use).............. V, AVA, AVB, A, AA, AI, AIA 
Switchboard wiring only.....................0.. TA 


For aluminum conductors, the allowable current-carrying sapacities shall be taken as 84 per cent 
of those given in the table for the respective sizes of copper conductors with the same kind of insulation. 

Columns a. Not more than three conductors in raceway or cable. 

Columns 6. Single conductor in free air. . 

* See Table ae for additional data and explanation of peony ee letters. 


which. bends on heating. The heater coil carries the line current. If the current is 
too large, the heat from the heater coil causes the bimetallic to bend and open the 
circuit. Another type of thermal cutout utilizes a fusible link. 

Circuit breakers of the thermal-trip or magnetic-trip type may be used both for 
protection and as a switch. 

Renewable or nonrenewable cartridge fuses, plug- or S-type fuses are much used for 
motor and motor-circuit protection. The plug fuse has an Edison base. The S-type 
fuse can be used in an ordinary plug-fuse socket with an adapter added.. The holders 
for cartridge-type and S-type fuses prevent the insertion of fuses of the wrong rating. 

For a motor with a continuous rating of more than 1 hp, an overcurrent-device set 
to not more than 125 per cent of the motor full-load current should be used for protec- 
tion. The conductors supplying this motor should have a current-carrying capacity of 
not less than 125 per cent.of full-load motor current. Tables 5i-3 and 5i-4 give the 
full-load current of-motors and the current-carrying capacity of conductors. Refer 
to the National Electrical Code for the rating of protective devices to be used with 
fractional-horsepower motors and motors with short-time ratings. ! 
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6i-6. Principles of Generator Operation. Electrical energy is supplied to a motor 
and mechanical energy withdrawn. In a generator mechanical energy is supplied and 
electrical energy withdrawn. ‘This is the essential difference between motor and 
generator operation. 

D-C Generator. The d-c generator is practically identical in construction to the d-c 
motor. The large majority of d-c generators are compound-wound (see Fig. 5i-13). 
Cumulative compounding, with the series field and shunt fields aiding, is usual. 
Shunt-wound generators are suitable for applications where the loading is constant 
and series-wound generators are used for booster sets and welding. There is less 
voltage drop with increased load with a separately excited, shunt-wound generator 
than with a self-excited, shunt-wound generator. The cumulative compound gener- 
ator can be designed to have an almost constant terminal voltage for the normal range 
of load currents. The terminal voltage in all but the series generator can be controlled 
by varying the resistance in the shunt-field circuit. 


TO d-c SUPPLY 


SHUNT _ FIELD SHUNT FIELD 
FIELD RHEOSTAT FIELD RHEOSTAT 


SHUNT - WQUND, 
SELF EXCITED 


SHUNT - WOUND, 
SEPARATELY EXCITED 


ARMATURE 


O e @ e 
OUTPUT TERMINALS OUTPUT TERMINALS 
SHUNT FIELD 
FIELD RHEOSTAT 


SERIES 
FIELD 
SERIES - WOUND 


COMPOUND - WOUND ARMATURE ARMATURE 


OUTPUT TERMINALS OUTPUT TERMINALS 
Fig. 51-13. D-C generator connections. 


A-C Generator. The polyphase a-c generator and the synchronous motor are essen- 
tially the same in construction. A cylindrical or salient-pole rotor carries a winding 
that is d-c excited. This pole structure sets up an air-gap field that induces an a-c 
voltage in the stator windings as the poles rotate. In the single-phase a-c generator, 
the stator has a single-phase winding instead of the three space-displaced windings of 
the three-phase generator. The frequency of the voltage induced in the stator 
windings for both single-phase and polyphase machines is 


where v = frequency, cps 
n = rotor speed, rpm 
» = number of poles 
5i-7. Transformers. Principles of Operation. A transformer is an electrical 
device, without continuously moving parts, which by electromagnetic induction 
transforms a-c electric energy from one circuit to another circuit at the same frequency, 
usually with changed values of voltage and current. Transformers usually have two 
or more insulated windings wrapped about a laminated-iron core. In some cases, 
however, the iron core is not present, and the coils are linked magnetically through an 


air path. 
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The winding connected to the energy source is called the primary winding’ and the 
winding from which the energy is withdrawn is called the secondary winding. - H igh- 
voltage winding and low-voltage winding are terms used to designate the ‘windings 
according to their voltage ratings. Ba : : : ee 

Consider the operation of a two-winding transformer when an a-c voltage is applied 
to the primary winding and the secondary winding is open. Current in the primary 
winding causes a time-varying flux to be set up in the iron core of the transformer. 
This time-varying flux will induce a voltage in both the primary and secondary 
windings of the transformer. The magnitude of the voltage induced in the primary 
winding is approximately equal to the applied voltage, since the voltage drop due 
to the winding resistance is small. The induced primary voltage opposes the applied 
voltage and hence limits the current. The voltage induced in the secondary wind- 
ing is the same per turn as that induced in the primary, so that the ratio of primary 
voltage to secondary voltage is the same as the ratio of the number of turns in the 
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Fig. 5i-14. D-C generator characteristics. 


transformer windings. When a load is connected to the secondary winding, a cur- 
rent will flow. The secondary current causes a magnetomotive force that opposes 
the magnetomotive force of the primary current. In order to have the same net 
magnetomotive force to set up the same flux in the core of the transformer that 
was present at no load, it is necessary for the primary current to increase over its 
no-load value. Except for the small no-load component of current, the ratio of the 
primary to secondary current is the same as the ratio of the number of secondary turns 
to the number of primary turns. 

Small transformers have an efficiency of perhaps 90 per cent. Large power trans- 
formers have efficiencies of over 99 per cent. The losses are due to the resistance of 
the windings, hysteresis, and eddy currents in the iron core. 

Transformer Cooling. The volt-ampere. rating of a transformer is determined 
largely by the allowable temperature rise. Transformers with a rating of 1 kva or 
less are usually of the dry type. Larger transformers may be oil-immersed with plain 
or corrugated tank, a tank with radiators, or a tank with water-cooling coils immersed 
in the oil. : | - 

Instrument Transformers. Instrument transformers are classified as (1) voltage 
or potential transformers and (2) current transformers. Where a-c currents of more 
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than 100 amp or a-c voltages of more than 500 volts are to be measured, instrument 
transformers and low-range instruments are usually employed. . 2 

Instrument transformers also serve to insulate a high-voltage primary winding from 
the low-voltage secondary, and thus protect personnel reading the instruments from 
the danger of high-voltage electric shock. 4 

Two-winding Transformers. As the name implies, these transformers have only 
two ‘windings. By suitable connection of three single-phase (two-winding) trans- 
formers, two three-phase circuits can be tied together. = | 

Polyphase Transformers. A three-phase transformer usually has six insulated 
windings, three primaries and three secondaries all on the same core structure. It 
occupies less space and weighs less than three single-phase transformers that have the 
same total rating. 2 geet | , ds 
- Autotransformers. A single-phase autotransformer has a single winding. The 
primary winding and the secondary winding are not electrically insulated but are both 
part of the same tapped winding. The advantage of the autotransformer is its small 
physical size, especially when the primary and secondary voltages are nearly the same. 

Autotransformers with’ Continually Variable Tap. A sliding member is provided 
that makes contact with any turn of the winding, allowing a secondary voltage that is 
variable in small steps over a wide range of voltages. These devices carry trade 
names such as Variac and Power-stat. | 

6i-8. Alternating Current to Direct Current Energy Conversion. To reduce the 
cost of transmission, electrical energy is usually generated and transmitted as a-c 
energy rather than d-c energy. The high transmission voltages possible with alter- 
nating current allow the use of smaller conductors than could be used with lower 
transmission voltages. Near the load centers, the voltage is reduced to utilization 
levels by transformers. —— | | 

Most electrical energy is utilized as a-c energy. For some applications, however, 
d-c energy is required. In these cases, it may be necessary to convert from a-c energy 
to d-c energy. This conversion from alternating to direct current can be made with 
rotating machines or rectifiers. The commonly used converters are: 


A. Rotating machines 
1. Motor generator 
2. Rotary converter 
B. Rectifiers 
Sa iis Electronic 
‘a. Thermionic cathode, vacuum diode 
. Thermionic cathode, gas diode 
. Thermionic cathode, gas triode (thyratron) | 
. Mercury-are, with pool cathode (mercury-arc and ignitron) 
= . Crystal diode | 
2, Metallic-plate 
a. Selenium 
0b. Copper oxide 
3. Mechanical 
Rotating Machines. Motor GENERATOR: A d-c generator driven by a single-phase 
or polyphase induction motor or a synchronous motor provides one means of con- 
verting a-c energy to d-c energy. One feature of motor-generator sets that is impor- 
tant in some applications is the electrical isulation it gives between the a-c system and 
the d-c system. Other advantages are the small amount of a-c ripple voltage gener- 
ated, the ease with which the d-c voltage can be varied, and the small voltage variation 
with a change in load current. The motor-generator set is, however, relatively expen- 
sive in first cost and relatively low in efficiency. It weighs more and requires more 
floor space than other devices of the same power rating. 
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Single-phase, 


two-wind- 


ing, three- | 


wire 
secondary 


Autotrans- 
former 


Autotrans- 
former 
with vari- 
able tap 


Delta-delta 


Wye-wye 


Delta-wye 


Scott or T 
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' TaBLe 51-5. TRANSFORMER CONNECTIONS 
(This table illustrates only a few of many possible connections) 


Connection diagram 


- 
Cc b 

° 
C 
| b 


a 
Co 


Phasor diagram 
of voltages 


Ved 


Application 


This single-phase transformer 
with center-tapped secondary 
is used in low-voltage distribu- 
tion circuits, A secondary 

voltage of 120 volts to center 
tap is suitable for lighting cir- 
cuits and 240 volts between 
outside lines for electric ranges, 
etc. 


Autotransformers may reduce 


transformer costs in applica- 
tions where the primary-to- 
secondary turns ratio is near 
unity and electrical isulation 
of the primary and secondary 
is not required re 


For ratings of a few watts to 

several kilowatts, these con- 
veniently provide a continu- 
ously variable a-c voltage 


This three-phase connection can 
be used for three single-phase 

transformers or a three-phase 
transformer. It is especially 
suitable for heavy currents at 
low voltages and will operate 
with one winding open 


Usually operated with one or 
both of the neutrals, o and o’, 
grounded. The voltage be- 
tween lines is 1/3 times the 
line-to-line voltage 


, 


Commonly used with the neu- 
tral grounded at the generator 
end of transmission lines and 
in secondary distribution sys- 
tems where there are both 
lighting and three-phase ma- 
chine loads 


For conversion from two-phase 
to three-phase or vice versa. 
Turn ratio from ao to.a’o’ 
= 1/2 +/3 X turn ratio for cb 
to o’b’. Other connections 
allow conversion from three- 
phase to six- or. twelve-phase 
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TABLE 5i-6. A-C ro D-C ApPplLicaTION CHART 


Device Pian Pe asad x Power range Application 
Rotating machines: For most applications, other de- 
Motor-generator set ma to A few volts| A few watts vices are more economical. Used 
thousands | to several | to hundreds | where a-c and d-c systems must 
of amp thousand of kw be completely isolated, where 
volts very little a-c ripple voltage can 
. be tolerated or where good volt- 
age regulation and control are 
. needed 
Rotary converter ma to A few volts| A few watts | Most used in electric railways. 
thousands| to several | to hundreds | In recent years it has been re- 
of amp thousand of kw placed in many applications by 
volts the mercury-are rectifier. Has 
higher efficiency than motor 
op ual generator 
Rectifiers: 
Electronic © . | | 
Thermionic cathode, | ma to over | To over _ | Usually only | For voltages above 400 volts at 
_vacuum diode 5.5 ampt 200,000 a few watts. | currents up to several hundred 
volts Up to sev- ma. Where very high voltages 
eral kw are needed, X-ray and electro- 
. . static precipitation 
Thermionic cathode, | ma to over |To.over | A few watts | Battery chargers, radio trans- 
gas diode 50 ampt 20,000 to several mitters and receivers, dielectric 
volts kw and induction heaters, etc. For 
moderate current and voltage 
requirements 
Thermionic cathode, | ma to over | To over A few watts | Used where a variable d-c voltage 
gas triode 15 ampt 10,000 to several is required, such as an elec- 
_ (thyratron) . volts kw tronically controlled d-c motor 
Mercury are with Up to To over | About 50 kw | Electrochemical plants and elec- 
pool cathode thousands | 20,000 to over tric railways. Not suitable for 
(mercury arc of amp volts 3,000 kw voltages below 200 volts. Volt- 
and ignitron) age control is possible with 
a Sg) oc ignitrons 
Metallic plate 
Selenium | ma to above] To over mw to 100 kw | Radio receivers, battery chargers, 
Copper oxide 10,000 75 kv | and small electronic devices. 
"Re amp 3 Not much used above 200 volts 
Mechanical Thousands | To over Several For applications requiring large 
of amp 1,000 hundred to amounts of d-c energy, such as 
volts several electrochemical plants 


thousand kw 


* The maximum current and maximum voltage values given are mutually exclusive. A high-voltage 
tube is usually a low-current tube and vice versa. 
+ Maximum current for a single tube. In a rectifier utilizing several tubes, the rectifier current 


rating may be higher. 


- ROTARY CONVERTER: The rotary converter is an a-c motor and d-c generator with a 


single magnetic circuit. The machine has a d-c excited field winding on the stator and 


a distributed winding on the rotor. The rotor winding is connected to slip rings at 
one end of the rotor and to commutator bars at the other.. Thus a-c voltage is applied 
to the same winding from which the d-c voltage is obtained. For this reason the ratio 
of the d-c voltage available to the a-c voltage applied is fixed. The rotary converter 
and its auxiliary equipment usually have a lower first cost and higher efficiency than a 
motor-generator set of similar rating. 
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Rectifiers. Both electronic and metallic-plate rectifiers have a nonlinear char- 
acteristic, allowing electron flow in one direction and blocking the flow of electrons in 
the opposite direction. The mechanical rectifier is a set of switches operated by a 
synchronous motor, opening and closing in such a manner that electrons can flow to a 
load circuit in one direction only. 

THERMIONIC CATHODE, VACUUM DIODE: This tube has two elements, the cathode and 
the anode, enclosed in an evacuated shell. On heating, the cathode emits electrons 
which are attracted to the anode when the anode is at a higher potential than the 
cathode. Since the anode does not emit electrons in any quantity, the tube acts as a 
rectifier, allowing an electron flow in only one direction. Vacuum diodes have been 
designed that can withstand a negative anode voltage of over 200,000 volts. Tubes 
designed for high voltages have large spacing between the cathode and anode, which 
causes a high tube resistance and hence a large voltage drop across the tube at full 
load. current. Tubes operating at lower voltages have smaller spacing and a corre- 
spondingly smaller tube resistance. Under normal operating conditions, the tube cur- 
rent is limited by a negative space charge caused by the electrons collecting around 
the cathode and producing a negative potential near the cathode that tends to drive 
emitted electrons back toward the cathode 

THERMIONIC CATHODE, GAS DIODE: These tubes contain an inert gas or mercury 
which vaporizes when the cathode is heated. Upon application of a positive potential 
to the anode, the moving electrons will ionize the gas, leaving the heavy and slow- 
moving ions in the space between the tube electrodes. These positive ions neutralize 
the negative space charge that is present in vacuum diodes. With the space charge. 
neutralized, the tube current is limited only by the emitting capacity of the cathode. 
The voltage drop between the tube electrodes is approximately the ionization poten- 
tial of the gas. The gas diode has a higher efficiency than the vacuum diode and so is 
much used in low-voltage applications such as radio receivers. While gas diodes are 
available that will withstand voltages above 20,000 volts, most designs do not permit 
voltages above a few hundred volts. To prevent cathode disintegration in gas tubes, 
it is necessary to heat the cathode to normal operating temperature before applying 
anode voltage. The tube current should be limited to a safe value by placing resist- 
ance in the anode circuit. 

THERMIONIC CATHODE, GAS TRIODE (THYRATRON): The thyratron has a grid placed 
between the anode and the cathode. By applying a negative voltage, with respect 
to the cathode, to the grid, tube conduction may be prevented. If the negative grid 
voltage is reduced toward zero sufficiently when the plate is at a positive voltage, the 
tube willconduct. Once the tube conducts, the grid cannot stop conduction. Increas- 
ing the negative voltage on the grid causes more positive ions to collect around the 
negative grid, preventing the negative voltage from becoming an effective barrier 
between the cathode and the anode. The cathode-to-anode electron flow can be 
stopped only by reducing the anode voltage to less than the gas-ionization voltage. 
Since the anode voltage goes to a negative value during every cycle of the a-c voltage, 
the grid regains control every cycle. By using the grid to control the period during 
each cycle that the tube may conduct, d-c output voltage control can be obtained in 
thyratron rectifiers. 

MERCURY ARC, WITH POOL CATHODE (MERCURY ARC AND IGNITRON): Mercury-arc 
tubes have a pool of mercury for a cathode and source of electrons. Once the arc has 
been initiated, the supply of electrons is almost unlimited so that the current must be 
held to a safe value by the impedance in the tube circuit. Many of these tubes are 
water-cooled. Mercury-arc tubes may have several anodes and a single pool cathode. 
In this case it is necessary that the arc be maintained continuously after it has started. 
The arc is initiated by lifting a rod that completes an auxiliary circuit from the mer- 
cury pool. The ignitron has a single anode and an igniter rod that permits initiation 
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of the arc each cycle. The rod is permanently dipped into the mercury pool and a 
pulse of current through this circuit initiates the arc. In rectifiers utilizing ignitrons, 
the output voltage can be controlled by varying the time when the arc is initiated 
with respect to the anode voltage. Mercury-arc tubes of the multianode and ignitron 
types are used only when large amounts of d-c energy are required. 

SELENIUM: Each selenium rectifier cell consists of a metal disk to which a thin layer 
of selenium had been applied. The selenium is sprayed with an alloy coating. Cur- 
rent will flow freely through the cell from the metal disk to the alloy coating but with 
difficulty in the opposite direction. Selenium cells are stacked in series to obtain a 
rectifier with the desired voltage rating. Several stacks can be operated in parallel 
for increased current ratings. Large fins are sometimes attached to the disks to aid 
in cooling the stack, and forced-air cooling or oil-immersion cooling may be used. 
Selenium rectifiers are now used in ratings from a few milliwatts to many kilowatts. 

COPPER OXIDE: The application of copper-oxide rectifiers is the same as that of 
selenium rectifiers. Copper-oxide cells are formed by coating cuprous oxide (Cu20) 
on a copper disk at a high temperature. The cell will pass current freely from oxide 
to copper but presents a high resistance to current flow in the opposite direction. 

MECHANICAL RECTIFIERS: Mechanical rectifiers are used only where very large 
amounts of d-c power are required. A synchronous motor drives a set of switches 
that connect the d-c load circuit to each of the several a-c phases in such a way that the 
current flows to the load circuit in only one direction. The absence of a voltage drop 
across the closed switch makes this rectifier more efficient than the mercury-arc 
rectifier. The mechanical rectifier is a European development and is now being 
introduced in the United States. | 

Rectifier Circuits. Table 5i-7 lists a few of many possible circuits that-are used for 
electron-tube and metallic-plate rectifiers. _ 

Single-phase rectifiers are most used for rectifiers with an output rating of less than 
1 kw and must be used where a polyphase supply voltage is not available. Because 
of the large amount of a-c ripple voltage present in the load voltage, it is often neces- 
sary to filter out the a-c component by the use of inductors and capacitors. In some 
applications gas-filled tubes are used to maintain an output voltage that is free of 
ripple. Many commercial power supplies (a-c to d-c converters) utilize single-phase 
rectifiers, filters, and voltage-regulating devices. The a-c ripple voltage can be held 
to any desired level but the cost of the power supply increases with a reduction of the 
a-c content of the output voltage. 

Where large amounts of a-c energy must be converted to direct current by rectifica- 
tion, polyphase rectifiers are preferred. When a three-phase supply voltage is avail- 
able, transformers can be connected to convert to 6, 12, or more phases. An increase 
in the number of phases will decrease the a-c ripple in the output voltage, as can be 
seen by inspection of the waveforms of Table 5i-7. Increasing the number of phases 
above three increases the cost of the supply transformers. For many applications the 
small a-c ripple voltage of the polyphase rectifier is permissible. If it is not, it is less 
expensive to filter out the 360 cps (for 60 cps supply) ripple voltage of the three-phase 
bridge rectifier, for example, than it is to filter out the 60 cps ripple voltage of the 
single-phase half-wave rectifier. 
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5j. Electrochemical Information 


T. F. YOUNG. 


University of Chicago 


Editor’s note. ‘The symbols used in electrochemistry do not always conform with 
those given in Sec. 5a which do follow the recommendations of the American Standards 
Association, ASA Z10.6-1948 and ASA Z10.5-1949. The user of electrochemical data 
may wish to refer to the electrochemical references. Therefore, some of the sym- 
bols used in. this. section are those most commonly found in the literature of this 
subject. 

Conductance data and transference numbers were taken from Harned and ‘Owen 
(1950), Kortum and Bockris (1951), and Robinson and Stokes (1955). - Additional 
data may be found in these three books and in Conway (1952), Kohlrausch (1898), 
“International Critical Tables,’’ and Landolt-Bérnstein. 
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Diffusion coefficients were taken from Harned (1953), Robinson and Stokes (1955), 
and from recent scientific papers. Some more data may be found in these sources. 
Additional information may be derived from tables of porogrephie data compiled 
by Koltoff and Lingane (1952) and by von Stackelberg (1950). . 

Standard electromotive forces of half cells were taken from Latimer (1952). Many 
additional data are available in his tables. Note especially the table on page 345 for 
alkaline solutions. Other values of E° pansy be calculated from the free-energy data of 
Rossini et al. (1952). 

Activity coefficients were selected from extensive tables in Harned and Owen (1950), 
Kortum and Bockris (1951), and Robinson and Stokes (1955). Additional data may 
be found in these sources and in Robinson and Stokes (1949) and in Conway (1952). 

Dissociation constants are from Harned and Owen (1950) and Hood, Redlich, and . 
Reilly (1954). Constants for many other equilibria may be found in Harned and Owen 
(1950), Redlich (1946), ‘International Critical Tables,’’ Scudder (1914), and may be 
derived from thermodynamic data of Rossini et al. (1952) and of Latimer (1952). 

The molal heat content (enthalpy) data were taken from Harned and Owen (1950). 

Standard entropies of ions were taken from Latimer (1952) and from Powell and 
Latimer (1951). Additional values may -be found in those sources and in Robinson 
and Stokes (1955) and in Kortum and Bockris (1951). 

Electrochemical data of many other kinds have been tabulated by Robinson and 
Stokes (1955), Harned and Owen (1950), and Kortum and Bockris (1951). Informa- 
tion especially useful for the electrometric determination of pH has been assembled 
by Bates (1954). Polarographic data have been eoliccted by Kolthoff and. mipgane 
(1952) and by von Stackelberg (1950). 

The large general tables of Landolt-Bérnstein and the ‘International Critical 
Tables” also contain a wide variety of electrochemical information. 


Notes on Abbreviations, Symbols, and Terminology Used in Table 5j-6 and in 
the Discussion Which Follows. | 

The letters (g), (1), (s), and (aq) denote gas, liquid, solid, and aqueous solution, 
respectively. These symbols are often omitted for substances which are in their most 
familiar states. 

Pt. Many authors writing symbols for electrodes include the symbol “ Pt”’ when- 
ever no solid conducting element appears elsewhere in the formulation of the elec- 
trode. Its purpose is to remind the reader that some connection (not necessarily 
platinum) to the external portion of the circuit must be provided. The symbol i 1S 
not essential and has been omitted in Table 5j-6. 

Cathode and Anode. The words cathode and anode are not essential for a discussion 
of electrochemical cells. They are not used in the explanation which follows. Because 
some writers use the words frequently their meanings must be understood. At the 
cathode reduction occurs; at the anode oxidation occurs. In the external portion 
of the circuit electrons flow from anode to cathode, whereas the ‘‘positive current”’ is 
said to flow in the external conductor from cathode to anode. Within the cell the 
“positive current”’ flows from anode to cathode, thus completing the circuit. The 
current within the cell consists of both positive ions moving from anode to cathode 
and negative ions moving from cathode to anode. Note that in an electrochemical 
cell operating spontaneously the anode is the negative pole and the cathode is the 
positive pole. For a somewhat more detailed discussion of the words, see Daniels 
and Alberty (1955). 7 

E denotes the electromotive force (emf) of a . cell or half cell. 

E° denotes the standard emf defined below. | 

AF denotes the increase in Gibbs free energy for the reaction specified. 

AF° denotes the standard increase in free energy. It is related to H° by an equation 
similar to Eq. (5j-1). | | 


5-270 ELECTRICITY AND MAGNETISM 


TaBLE 5j-1. EQuivaLENT CONDUCTANCES AND CaTION TRANSFERENCE 
NUMBERS OF ELECTROLYTES IN AQUEOUS SoLUTIONS AT 25°C 
(A in cm? ohm~! equivalent—!; N in equivalent liter—?) 


WV 0.001) 0.01 
HCl 421.36 | 412.00 re 
ae Ane 0.8251 
LiCl 112.40 | 107.32 
ore 0.3289 
NaCl 123.74/118.51 
ae 0.3918 
KCL 146.95 | 141.27 
ale 0.4902 
NH.Cl  {a(149.7. |...... 141.28 
weno 0.4907 
KBr |, /151.9 |...... 143.43 
Senbe 0.4833 
Nal 124.25 | 119.24 
KI |, 1150.38 |...... 142.18 
pee 0.4884 
KNO; 141.84 | 132.82 
pnree 0.5084 
KHCO; 115.34] 110.08 
NaO.C.H; 88.5 | 83.76 
ee 0.5537 
Na0:C(CH;).CH; 80.311 75.76 
NaOH 244.7 | 238.0 
AgNO; 130.51 | 124.76 
teas 0.4648 
1MeCl, 124.11 | 114.55 
4CaCle 130.36 | 120.36 
aoa 0.4264 
18rCl, 130.33 | 120.29 
1BaCle 134.34 | 123.94 
1Na.S8O, 124.15 1112.44 
mines 0.3848 
1CuSO, 115.26! 83.12 
17nSO, 115.53] 84.91 
1LaCl; 137.0 |121.8 
eee 0.4625 
3K3Fe(CN). 163.1 


1K ,Fe(CN), 


3 Co(NHs).3+ 
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oe e ee wo @ © 


eenoeew ee ee 


eee © e © ow 


eee ee eo we 


oe@e eee va 


°C Ao 
15 300. 
25 349 
35 397 
25 38. 
15 39. 
25 50. 
35 61 
15 59 
25. 73 
35 88 
25 73 
25 61 
25 74. 
25 53 
25 59. 
25 59. 
25 63. 
25 54 
25 53 
25 69. 
25 102 


| Ion oc 
: Oy ciate os ating 25 
[el uae aa anereee er eeme 15 
| 25 
: 
BP hewtetenieeeen bac 15 

25 

35 

| ae ee eae eer eee ene ae 25 

| NO; seca Wee cere ape. ciate 25 
ClO, Mh retcah avg thas Sot Yes'a! sae asso igt 2 25 

WE COn sacs eduated decd 25 
|1CH;CO2-............ 25 
| CICH:COz7.......... 25 
| CH;CH.CO,- Bese ite Si te 8 25 
| CH;(CH,).CO.- arias 25 
| C.H;CO.— agi S Shinde deg 25 
HC.0,7— ee a ee eee 25 

= pO oe be eoate a ates 25 

| 0) 25 

ws Fe(CN).3........ 25 

I2 Fe(CN)ef..... 0... 25 
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TABLE 5j-2. Limirinc EquivaLENt CoNDUCTANCES OF IONS IN WATER IN 
INFINITELY DILUTE SOLUTION 
(cm? ohm~! equivalent—!) 


NNWAWDMDOMNORON We 


TABLE 5j-3. LimitTiInc EQUIVALENT CONDUCTANCES OF IONS IN METHANOL 
AND ETHANOL 
(ohm—! cm? equivalent—!) 


Methanol 


Ethanol 


4°C 


LS fe rf Cs eee 


25°C 4°C 25°C 

141.8 113.2 57.40 
a ae ees 15.00 
24.30 

33.55 


37.24 
9.62 


16.01 
22.40 


N denotes the number of Faradays (F) of electricity. NM may have any positive 
value. For simplicity it is arbitrarily chosen as unity for all of Table 5j-6 and for 


each example of its use. 
Significance of Table 5j-6 and Conventions. 


When current passes through a 


reversible electrolytic cell oxidation occurs at one electrode and reduction at the 


other. 


and oxidation and reduction exchange places. 
the cell a reversible emf may be measured with a potentiometer. 


When the direction of the current is reversed the chemical reaction is reversed 
While no current is passing through 


Electromotive 
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TABLE 5j-4. Limirinc VALUES OF DIFFERENTIAL Dirrusion CoEFFICIENTS IN 
H.O at 25° in Inrinire_y DinuTE SOLUTION 


DX 105 


D X 105 D-X 10° 

cm? sec! | : cm? sec™} cm? sec™! 
Laicl 1.368 |AgNOzs © 1.768. | SrCle 1.336 
NaCl 1.612 | LisSO, 1.041 | MgSO. 0.849 
KCl | 1.996 | NaeSO, 1.230 | ZnSO, 0.849 
RbCl 2.057 | Cs2SO. 1.569 | LaCl, 1.294 
KNO; 1.931 K.uFe(CN). 1.473 


TaBLE 5j-5. DIFFERENTIAL DIFFUSION CoEFFICIENTS OF PorassIUM CHLORIDE | 
| avr 4°C. AND 25°C : 


D x 10: 
at 4°C 
em? sec”! | cm? sec 


M 
mole liter! 


0.000 | (1.135) | 


(1.996), 
0.0004 | 1.125 1.974. 
0.0016 | 1.115 | 1.957 
0.01 | 1.091 1.915— 
0.04 | 1.063 | 1.870 
0.25 1.036 |. 1.836 
1:00. ah seas | 1.893. 
4.00 | ..... 2.207 


forces of cells are important thermodynamic data since 
AF = —-NFE (5j-1) 


It is conventional to associate AF with the reaction which occurs when N Faradays, 
i.e., ca. N 96,500 coulombs, of positive electricity is passed through the cell from left 
to right. It is conventional to write E as positive if this current flows spontaneously 
from left to right through the cell, ie., if electrons are caused by the cell reaction to 
move in the external part of the circuit from left to right. According to this con- 
vention E of the cell is positive if the right-hand electrode is positive with respect to 
the left-hand electrode. If the cell is rewritten in the reverse order the algebraic 
sign of its emf is changed. [The negative sign in Hq. (5j-1) is a consequence of these 
two conventions.] Examples: os - 


He, HCl (aq), Cle Ee = 1.3595 volt at 25°C (5j-2) 
Cl., HCl (aq), He Eo = —1.3595 yolt at 25°C (5j-3) 


In these equations the symbol ? (read “standard’’) indicates that all the cell reactants 
and products are in their standard states, i.e., each is at unit activity. Actually 
there are no criteria for the decision that the activity of any single ion (a, of H* or 
a_ of Cl-, in this example) is unity. The emf of the cell is completely determined, 
however, by a product of ion activities ; in this example by oe a 


QO, 9 | ~ (5-4) 
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electrolytes as functions of their concentration. 
The emf of a cell may be regarded as the net result of two opposing half-cell reac- 
tions, one at each electrode. Each of these two half reactions may be thought of as 
having a tendency to liberate electrons or each may be considered to possess a 
tendency to consume electrons. The half reaction having the greater tendency to 
acquire electrons forces the other half reaction to surrender them, or according to 
the alternative point of view, the half reaction having the greater tendency to liberate 
electrons forces the other to accept them. These two points of view are designated 
below as plan A and plan B, respectively. Either plan is quite correct and general. 
Example: Consider the cell of Eq: .(5j-2), He, HCl (aq), Cle At the left-hand elec- 
trode the half reaction, for N = 1, may be considered to be either (a) or (b); thus 


Plan A Plan B i 
¢H:> H++0 (a) 6+Ht> FH, () (5j-5a, 5b) 


The activity a2 of the solute, e.g., HCl, can be measured and is known for many 


The opposing half-cell reaction (at the other electrode) is written . 
Cl->3Ch+e @ o+4Ch-c @ (Bj-5c, 5d) 


Since EH? of cell (2) is positive ‘it is obvious that half reaction (c) has less tendency 

to proceed than half reaction (a), and that (d) has more tendency to proceed than (b). 

The difference in each case is 1.3595 volts. |. 7. | 
Similarly the cell . 


Tl, TIC (aq), Cle (@) B° = 1.6958 volts (83-6) 
involves two. opposing half reactions which are _ 
Plan A | Plan B Cae ® 
Tl— Tl*’' +0 () 6+ TI*— TI (f) (5j-6e, 6f) 
and — 
Co>3Ckh+e @ e+4ch>-c- @ (5j-5c, 5d) 


Since E° of the cell is 1.6958 volts, the tendency of (e) is 1.6958 greater than that of (c) 
and the tendency of (f) is 1.6958 volts less than that of (d). To simplify the tabula- 
tion of relative half-cell emfs it has long been the custom to compare all reactions 
to (a) in plan A or to (6) in plan B. In the same sense that the altitude of sea level 
is arbitrarily set equal to zero the-half-cell emfs of (a) and (6) are called zero and the 
emfs of all other half cells are listed relatively to (a) or to (b) depending upon the 
“‘plan’’ used by an author. Since the tendency of (e) is 1.6958 volts greater than 
that of (c) which, in turn, is 1.3595 volts less than that of (a), the appropriate ‘entries 
for the table are, respectively, : 


Plan A i Plan B : 
Tl> Tl* +0 Ee = 0.3363 volt ©6+TI+—> Tl Ee = —0.3363 volt (5j-6e,- 6f) 


Both plan A and plan B emfs are listed here because each plan corresponds rather 
closely to a set of conventions followed more or less closely by a large fraction of the 
scientists of the world. The conventions have not always been adopted in full. 
Some authors who use column (1) may omit either (2) or (3) [since (2) implies (3) 
and (3) implies (2)]. Similarly other authors use (6) and omit either (4) or (5). 
There ‘is no objection to such conciseness if the materia] is addressed to an adequately 
informed audience. Unfortunately, some authors have mixed plan A and plan B. 
Some of them have done so consistently and logically, but confusion has nevertheless 
resulted when a reader of one book or table attempted to use another. To avoid 
confusion the Commission on Physicochemical Symbols and Terminology ‘and the 
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Commission on Electrochemistry of the International Union of Pure and Applied 
_ Chemistry, meeting in Stockholm in 1953, voted to recommend that column (1) be 
associated henceforth - with column (2) and that (6) be associated with (5). The 
associations with columns (3) and (4), respectively, are implicit. The commission 
also ecormmmended that values in column (6) but not those in column (1) be nolerred 
to as ‘electrode potentials.”’ 

Incorrect Notions. ‘Erroneous eninie: have been made to associate the half-cell 
emf with the ‘difference in ‘potential’? between an electrode and the solution in 
which it is immersed. For. a discussion: of the logical difficulties involved, see 

Guggenheim (1930) and (1949). 

The Use i” Table 5}-6. To calculate He of any cell; e.g., 


Tl, TICI (aq),. AgCl a, Ag — (5j-7) 


according to plan A write the Saunton for the peurcell reaction and E° of the left- 
hand mecttode: 


23 Tl Tit +0. EH = 0.3363 volt 7 (5}-6e) 
Subtract both the half-cell reaction and E° of the right-hand electrode: : | 
| [Ag + Cl a AgCl + 6] — He = —(—0.2223 volt) i-70) 


The Sonconticnal cell reaction: LG, ‘the reaction accompanying the passage of 
positive electricity from left to right through the cell (and for N = 1), results. It 
may be. TepreecHied by either of the two equivalent equations: : 


Tl + AgCl— Ag + TI* +.Cl- 


Tl + AgCl— Ag + TICl (aq) } Be = ils 5986. volt : (5j-8) 


Since Eo is a peatige AF? is negative for “the reaction indicated in Kq. (5j-8). Kq. 
(5j-8) is therefore the equation for the reaction actually taking place in the cell when 
all activities are unity. If the cell had been written, te AgCl, ‘TIC (aq), TI, the 
indicated reaction would have been | 3 | 


- Ag + TICL (aq) —+ Tl+ ‘AgCl Ee = —0.5586 volt - (5}-9) 


The conclusions concerning the actual reaction and the absolute values of AF? and Ee 
would be unchanged. 

_ The problem may be solved See by ‘plan B. .The essential notion of plan B 
is the comparison of tendencies to take up electrons: E° of the cell i Is positive if the 
right-hand electrode has the greater tendency to acquire electrons. _ Using columns 
(4) , (5), and (6) write the half-cell reaction and EF for the right-hand electrode: 


@-+ AgCl — Ag co ae Eee = 0. 2223 volt 
Subtract both the half-cell reaction and E° of ie left-hand electrode. 


-[0+TI*—> TI  —Ee = —(+0,3363 volt) _ 
Tl + AgCl— Ag + TICI (aq) —-E® = 0.5586 volt —— (8j-8) 


Again: E° is plus and AF° is negative for the reaction accompanying the passage of 
(“positive’’) electricity from left to right through the cell. 

A third procedure for the calculation of the emf of a cell can be used Hieuever a 
dual table such as Table 5j-6 i is available. The cell emf may be regarded as the sum of 


1 Additional data are available in Latimer. (1952). Note the special table (p. 345) for 
alkaline solutions. More emf values can be calculated by Eq. (5j-1) from the extensive 
free-energy tables of Rossini et al. (1952). 
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Tasie 5j-8. MEAN-activity CoEFFICIENTS ys OF HCl 1n AquEous SOLUTION 
(m in mole kg~) 


m 0° 10° 20° 25° 40° 50° 60° 
0.0001 | 0.9890 | 0.9890 | 0.9892 | 0.9891 0.9885 | 0.9879 | 0.9879 
0.0002 | 0.9848 | 0.9846 | 0.9844 | 0.9842 | 0.9833 | 0.9831 0.9831 
0.0005 | 0.9756 | 0.9756 | 0.9759 | 0.9752 | 0.9741 0.9738 | 0.9734 
0.001 0.9668 | 0.9666 | 0.9661 0.9656 | 0.9643 | O 
0.002 0.9541 0.9544 | 0.9527 | 0.9521 0.9505 | 0.9500 | 0.9491 
0.005 0.9303 | 0.9300 | 0.9294 | 0.9285 | 0.9265 | 0 
0.01 0.9065 | 0.9055 | 0.9052 | 0.9048 | 0.9016 | 0.9000 | 0.8987 
0.02 0.8774 | 0.8773 | 0.8768 | 0.8755 | 0.8715 | 0.8690 | 0.8666 
0.05 0.8346 | 0.8338 | 0.8317 | 0.8304 | 0.8246 | 0.8211 0.8168 


errr | cece pene | | SS | NTS | LT LS | 


0.1 0.8027 | 0.8016 | 0.7985 | 0.7964 | 0.7891 0.7850 | 0.7813 
0.2 0.7756 | 0.7740 | 0.7694 | 0.7667 | 0.7569 0.7508 | 0.7437 
0.5 0.7761 0.7694 | 0.7616 | 0.7571 0.7432 | 0.7344 | 0.7237 


cere | rc a | eee ne | ES | RRS | SST | AR eee 


0.8419 | 0.8295 | 0.8162 | 0.8090 | 0.7865 | 0.7697 | 0.7541 
.078 1.053 1.024 1.009 0.9602 | 0.9327 | 0.9072 
2.006 1.911 1.812 1.762 


1.0 
2.0 1 
0 


two tendencies supplementing each other instead of two opposing each other. The 
equation for the appropriate half reaction for the left-hand electrode is taken from 
plan A [column (3)] and the equation for the other half reaction from plan B [column 
4). The equation for the conventional cell reaction is the sum of these equations for | 
the respective half reactions. The standard emf of the cell is the sum of the standard 
half-cell emfs [column (1) and column (6)]. This procedure can be instructive for 
beginning students but is not stressed here because the printing of lengthy tables in 
dual form is usually not feasible. Normally each author selects one plan or the other 
and uses that one exclusively. 

~ General Discussion. Many dleetiachemiets and many biologists prefer to use the 
“electrode potentials” of plan B. American physical chemists have usually preferred 
plan A. For his extensive treatise Prof. W. M. Latimer chose plan A. To use his 
tables those who prefer plan B should observe that the standard half-cell emfs tabu- 
lated by him are the negatives of the respective ‘electrode potentials’’ and that his 
equations may be written in the reverse direction to fit plan B rather than plan A. 
The user should also eal that his eaanons are written for integral values of N but 
not always for N = 

' It should be het understood that all of the standard emfs of Table 5j-6 are 
equilibrium values and are valid strictly only when no current is passing or when the 
current passing is so small that resulting changes in the cell are negligible. The 
reversal of such a current would not affect the magnitude and, of course, could not 
alter the algebraic sign of the emf of a cell or half cell. The choice of plan A or plan B 
is an arbitrary one and has nothing to do with the direction in which current is actually 
passed through a given cell. | 
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TasLe 5j-10. ReLativE AppaRENT Moxuat Heat’ Content gL AND PARTIAL 
Morau Heat Content £, or Sotutes in Dinure 
Aqutous Soxuutions aT 25°C » 
(cal mole~?) a 


m 0.0001 | 0.0004 | 0.9016 | 0.0064 | 0.0100 | 0.0400 | 0.0900 
NaCl eL| 4.5 |. 85 | 17.0 | 33 | 40 67 | 83 
|i} 6.5 | 12.5 | 24.0 | 46°] 57 | 92 | 104 
NalO; gL | 4.0 7.5 14.0 21 21 O- 
- |£,] 5.8 | 11.0 | 19.8 | 24 | 20 | 41 
KCl eL| 4.5 | 85 | 16.0 |. 31 | 38 | 65 77 
L,| 65 | 125 | 24.0 | 46 | 55 |. 82 |. 91 
KClO, ‘|eb| 4.3 | 8.0 | 13.0 | 16 | 14 | —28 
L,| 6.2 | 11.3 | 166 | 18 4 | —86 
L, | 35 69 135 260 | 317 | 508 620 
CsSO, | ol | 20 39 71 121 | 139 161 137 
L, | 29 57 102 161 | 176 162 | 87. 
SrCl. eL| 23 | 46 | 86 161 | 195 | 332 |» 420. 
L, | 34 66 125 232 | 277 | - 443° | 528° 
SrBr. gL | 23 44 82 152 | 182 | 293 | 366 
L,| 33 | 64 | 119 216. | 254 | 383 | 452 
Ba(NOs)2 | el | 19 36 59 72 |. 66 | —46 | —223. 
L, | 27 51 75 68 


37 —195 —528 


 Tasie 5j-11. Stanparp ENTROPIES OF Monatomic Ions 
-. _ In Aqurous Souutions ar 25°C” 
(Referred* to H2—> 2H* + 20;.AS° = 0; cal mole= deg-1)_ 


een ener £-oeeemmmmnemenrmmmmmnemmmmnnad | lememmemneen an nemeeenemeeae ree a | ee 


Cst 


31.8 Catt —13.2 Cr3+ —73.5 
TI? 2.2 380.45 Catt —14.6 | Als+ —74.9 
Rbt 29.7 Mntt — 20 Gast — 83 
Kt 24.5 Cutt | —23.6 Ust —78 
 Agt | 17.67 Znt+ — 25.45 Putt —87 
Nat 14.4 | Fett —27.1 | I-- 26.14 
Lit 3.4. Mgtt —28.2 | Bro 19.25 
Ppt+ 5.1 Ust —36 | 
- Bat+ 38.0 .| . Pust +39 Cl 13.17 
Hg++ —5.4 Gd3+ —43 F- —2.3 
—Sntt | =5.9 | Inst —62. 
Sr++ —9.4 | Fest —70.1 S- —6.4 
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* This is not equivalent to the setting of Se of H* equal to zero; cf. Klotz (1950). 


TaBLE 5j-12. STANDARD ENTROPIES oF PoLyatomic Ions 
in AQuEOUS SOLUTIONS aT 25°C 
(Referred* to Hz > 2H*+ + 20; AS* = 0; cal mole~! deg—!) 


Ion Se Ion Se | Ion Se 
eee Mae ieewer! Pee ONnemes feere eaten See eee Seer | eee 
OH- —2.5 | HSsO, 30.3 | PO, —52 
ClO- 10.0 | AsO. —34.6 
HCO.- 21.9 H.As0,— 28 | HF. 0.5 
Clo.- 24.1 H2PO.- 21.3 | BF 40 
NO.- 29.9 | HNO. 34 SiF 6~ —12 
NO;- 35.0 | BeQ.- 297 CuCl.- 49.2 
ClO;- 39.0 | COs" —12.7 | AuCl- 61 
BrOs- 38.5 | SOs —7 | PdCLo 36 
10;- 28.0 | SO. 4.1 | PtCL- 42 
ClO,— 43.2 SeO,7 5.7 | PtCl.= 52.6 
MnO.- | 45.4 | N.O27 6.6 | Is 41.5 
HCO;— 22.7 C.04- 10.6 Ag(CN). 49 
HSO;- 26 Cr.077 51.1 Ni(CN), 33 
SH- 14.9 | HPO. —8.6 }| FeCltt+ —22 
| HAsO," 0.9 
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ATMOSPHERIC ELECTRICITY 


5k-1. Atmospheric Ionization. Cosmic radiation is the chief source of ionization 
in the lower stratosphere and throughout the troposphere except for the lowest 1 to 
2 km over land (Table 5k-1)._ Within the air stratum adjacent to land surfaces, the 
predominant ionizer is radiation from radioactive matter in the earth and suspended 
in the atmosphere. The intense ionization of the ionosphere results from the ultra- 
violet and corpuscular radiation from the sun (Table 5k-2). 

The mobility of small ions in pure dry air is given as 1.6 and 2.2 cm/sec /volt/em 
for the positive and negative ions, respectively, by Loeb.* In the presence of air 
impurities, small ions are transformed into large ions whose mobilities are of the 


1 Atmospheric electricity. 3 Terrestrial magnetism. . 
2 Terrestrial electricity. 4 Stellar and galactic magnetism. 


5L. B. Loeb, ‘‘ Kinetic Theory of Gases,” 2d ed., McGraw-Hill Book Company, Inc., 
New York, 1934. 
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TABLE 5k-1. Rate oF Formation, Density, AND Mean Lire 
OF SMALL Ions IN THE aula ATMOSPHERE 


Rate of founitieh Dentity | Mean life 


a. _ [Fleming (1949)], _ | [Gish and [Gish and 
Altitude, ion pairs/em3/sec = | Sherman, Sherman, 

km |] Explorer Il Explorer [1 
Madras, India,| Omaha, Nebr.,} (1936)], - (1936)], 


lat 3°N (mag) | lat 51°N (mag){ ion pairs/em? |. sec 


Surface* 


eo 2 2 © © © © 8 
eo ee ee 


* Author estimated values for middle latitudes. 


TABLE 5k-2. CHARACTERISTICS OF THE DIFFERENT JONOSPHERIC 
REGIONS OF THE Upper ATMOSPHERE* 


Particle density (pet cm3)'* |: 


J . 
Level of max on production rate per 


, Rae cm? vertical column J; Ne in sunspot max 
Region ionization, Electron max Ne ate wit | eae Eee 
isi recombination coefficient Nein sunspot min 
___| Neutral at, em? /sec 


particle 
Midday Midnight 


' D+ 60(?) (for ions; no} 1.5 >< 10* | Absént f° 8 5<-10 2.00 
max for electrons) 
E 100 1.5 X 105 1X 10*- | .6.108% |. 1 =6 X 108; 1.50 
7s | a=1X 108 
. Es, |-Thin strata within | Higher than E ioniza-| 6 X 10!2 
or slightly higher | tion 
than the normal E 7 ; 
Fr | 200 = «| 2.5 105 | Absent | 1X 100 1=1.8X10% 1.56 
Ee -a=4xX 10° : at ere 
F2 300 1.5 108 | 2.5 K.105 | 2 & 10'°. I= 1.5 X 10%; 4.00 


a = 8 X 10-1! (day);. 


—a=3X 10-1 (night) 


* From Mitra, “ The Upper Atmosphere,” 2d ed., Asiatic Society, Caleutta, 1949; See pp. 290-291 for references to the 
theories of the origin of the various ionospheric regions. 
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order of 10-4 cm/sec/volt/cm, and to a lesser extent, intermediate ions of one-tenth 
to one-hundredth the mobility of the small ion. Small ions consist of not more than 
a few molecules, whereas large ions are molecular aggregates with a diameter of the 
order of 10-° cm. The density of the large ion at the surface of the earth varies from 
a few hundred per cubic centimeter over the oceans to tens of thousands per cubic 
centimeter in pened: city a alr. 


TaBLE 5k-3. REPRESENTATIVE SuRFACE MEAN VALUES OF AIR CoNDUCTIVITY, 
ELEctTrRIc FIELD, AND AIR-EARTH CURRENT DENSITY 
AT Various LOCATIONS OVER THE EARTH 


Total 


eee Positive/ 

Place Location , negative . Ref. 
Potsdam............--- 52.4°N, 13.1°E Swann (1947) 
Davos..........2008-5 46.8°N, 9.8°E Swann (1947) 
Petermann..... tees | 65.2°S, 295.8°R Swann (1947) 
Seeham............--- 48.0°N, 346.9°E Swann (1947) 
College-Fairbanks...... 64.9°N, 212.2°E Sherman (1937) 
Kew....... i dasicla nied tes 51.5°N, 359.7°E Scrase (1934) 
"TUCSON ive eee ee 32.15°N, 110.5°E Wait (1953) 
Watheroo............. 30.3°8, 115.9°E Wait and 


_Torreson (1941) 
Ocean: | . . . 
Carnegie (1915-1921) | ............... é 


Mauchly (1926) 
Carnegie (1928-1929) | ............... 


Torreson, Gish, 
Parkinson, and 
_ Wait (1946) 


* Positive component only. 


5k-2. Electric Field, Conductivity, and Air-earth Current. A 10 ‘to 40 per cent 
diurnal variation is observed about the mean surface values of electric field, conduc- 
tivity, and air-earth current. The largest variations occur over land according to 
local time and are of complex origin (Table 5k-3). Over the oceans the variation 
of electric field and conduction current depends upon universal time while the con- 
ductivity shows little daily variation. Surface oceanic observations and observations 
aloft (Tables 5k-4 and 5k-5) are considered to be representative of the average over the 
earth as a whole. In undisturbed weather the electric field is negative and the air- 
earth conduction current is directed toward the earth; i.e., positive ions move toward 
and negative ions away from the earth. The conductivity of the atomosphere is due 
chiefly to the small ion. The intermediate and large ions contribute little because of, 
respectively, meager concentration and low mobility. The total fair-weather air-earth 
current is about 1,800 amp. This current must have a counterpart which returns a 
positive excess of electricity to the upper atmosphere. The surviving. hypothesis i is 
that this positive current passes upward through thunderstorm cells (Table 5k-6 and 
see Fig. 5k-1 and Sec. 5k-4) to be distributed throughout the highly conductive upper 
atmosphere. The fair-weather air-earth current would neutralize 90 per cent of the 
bound charge on the earth’s surface within 30 min in the absence of such a return 
current. 
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TaspiLE 5k-4. VARIATION OF PosITIVE CONDUCTIVITY WITH ALTITUDE 
IN THE LOWER ATMOSPHERE 


Mean value of positive conductivity (esu) * 104 


sas cea Gish and Sherman, | ,. ' Callahan, Coroniti, 
m Expl II Gish and Wait Parzial d Patt 
xplorer (1950) arziale, and Patten 
(1936) (1951) 
1.5 1.9 2.2 2.4 
3.0 3.1 2.8 4.0 
6.0 10.5 8.8 9.7 
9.0 18.9 17.8 18.8 
12.0 35.2 29.2 
15.0 53.5 
18.0 75.5 
21.0 70.0 


TaBLE 5k-5. VARIATION OF ELECTRIC FIELD witH ALTITUDE 
IN THE LOWER ATMOSPHERE 


| Electric field, volts/m 
Altitude, : : : 


km Schweidler, Wigand, Koenigsfeld, * 
Germany (1929) | Germany (1925) | Belgian Congo (1953) 

_ Surface 130 136 20 
0.5 50 =e 36 
1.5 S00 ete 64 
2.5 Sb 27 58 
3.0 20: Ww deus «27 
4.4 ee 18 10 
6.0 10 |e 10 
6.5 ae 8.8 8 
9.0 Bean do | wae ay 8 
12.0 6 
16207 VW 0 eee ee 6 


* Altitudes based upon U.S. Standard Atmosphere pressure-height conversion. 


Taste 5k-6. ELEcTRIC-FIELD INTENSITY INSIDE NaturAL Cioups (Gunn, 1948) 


ClOUGS Sos & 5 tet deo Shs ease cid Ac ets Ste 2 bn hae as Small and <10 volts/cm 
Average vertical field within stable precipitating clouds... <40 volts/cm 
Average max vertical field observed within nine different 

thunderclouds.......... 0.00000 eee ees 1,300 volts/em — 
Max field observed (just prior to lightning strike to the 

Observing AiNCralt) iid eease ew ae gees ete edad ia ees 3,400 volts/cm 
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TIME ~MINUTES 


Fie. 5k-1. Characteristic surface electric field intensity variations observed near active 
thunderstorms. (a) Most common variation showing systematic induction of positive 
free charges on the earth’s surface and their sudden destruction by lightning discharges; 
(b) less common type variation showing the induction of free charge of opposite polarity. 
(Gunn, 1954.) 


5k-3. Precipitation Electricity 


TaBLE 5k-7. AVERAGE FrEE ELECTRICAL CHARGE ON INDIVIDUAL 
PRECIPITATION PARTICLES 
[(esu) X 103] 


; Elec- : 
Ob ae mien Quiet | Shower | trical | @Zet | Sauall 
server tude, of : ; snow- | snow- 
ft charge ae oar om fall | fall 
rain 
Gschwend (1920)...... Surface + 0.24 1.75 8.11 | 0.09 5.64 
— 0.53 5.43 5.88 | 0.06 | 4.78 
Banerji and Lele (1932) | Surface + 6.4 6.9 
— ee 6.7 7.3 
Chalmers and Pasquill | Surface + 2.2 1.3 5 ea Gea 10.5 
(1938) — 3.0 2.3 9.2* 5.7 
Gunn and Devin (1953) | Surface ee, Suc aethell ‘etaeayated 22 
= “ii tac Ge utes 3l 
Gunn (1947, 1950)..... 5,000 ee ee ee eee 81 
| — 30 63 
10,000 Ie Mluskeathote I sececeand 148 
= 34 112 
15,000 a 17 123 
= 36 76 
20,000 + 63 52 
Pat Wh dean i  e eeenlege 62 


* Actual lightning activity doubtful. 
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5k-4. Lightning Discharge and Thunderstorm Characteristics. The lightning dis- 
charge represents the occurrence of electrical breakdown and the passage of a spark 
discharge between two charge centers (Table 5k-9). In each thundercloud a concen- 
tration of negative charge is found in the lower portion of the cloud at an average 
height of 3 to 4 km above the surface with a concentration of positive charge at a 
higher altitude. A small positively charged region is often observed in the lowest 
limit of the cloud. Lightning discharges to ground occur between charged portions of 
the cloud and the induced charge on the earth. The average charge neutralized per 
strike is of the order of 20 coulombs while the median electric moment destroyed is 
about 110 coulomb-km (Wormell, 1952). Approximately 85 per cent of strokes to 
ground transfer negative charge to earth. Each strike is composed of one or more 
current peaks. 

Table 5k-8 gives, in all cases, data from the minimum and maximum curves obtained 
from the published data on lightning discharges. Each quantity listed represents 
that value which was excelled by 90, 50, and 10 per cent of the strokes. The maxi- 
mum observed value is given in the right-hand column. — 


TABLE 5k-8. CHARACTERISTICS OF LIGHTNING STROKES* 
a ee a Se ee ee ge 
% of strokes with values in excess 
of those shown below — 


Item | Max 
90% 50% 10% 
1. Current peaks measured in | Min 2.2 6.0 20.0 
stroke path, kiloamp Max 5.0 8.6 27.5 160 
2. Current amplitudes in steel | Min 1.0 8.8 28.4 
towers, kiloamp | | Max 5.3 12.2 35.8 130 
3. Stroke currents computed | Min 2.4 13.3 50.0 
from item 2, kiloamp Max; 10.3 40.0 101.0 220 
4, Charges in current peaks, | Min = 
coulombs Max 0.04 0.23 1.03 5.6 
5. Total stroke charges, cou- | Min 2.3 10.4 86.0 - 
lombs | Max 4.2 22.2 100.0 165 
6. Total stroke duration, sec-|Min| ..... 0.0006 0.2. 
onds Max 0.1 0.37 0.68 1.6 
7. No. of current peaks per | Min 1.0 1.8 4.0. | | 
stroke Max 1.3 3.0 11.0 42 


A 
* J. H. Hagenguth, ‘“‘Comp. of Meteorology,’’ Malone, ed., American Meteorological Society, 
Boston, 1951. 


TaBLE 5k-9. ELECTRICAL CHARACTERISTICS OF THUNDERSTORMS 


Potential existing between centers of thunderstorm charge dis- 


tributions prior to discharge........-.-. 05-2 e cece eee eees 5 X 107 to 10° volts 
Energy released per average lightning discharge.............. 10° to 102° joules 
Rate of energy dissipation from the average thunderstorm..... Approx 106 kw 
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TERRESTRIAL ELECTRICITY 


_ 6k-65. Earth Currents. Electric currents in the earth consist of telluric currents, 
natural local currents, and currents derived from industrial sources. They are 
detected by observation of the potential difference between two electrodes embedded 
in the earth. — : 

Telluric currents flow in fairly uniform sheets over large areas; their exact cause 
is still in doubt. Telluric currents change continually in magnitude and direction 
with component periods varying from less than a second to many days. Qualita- 
tively, these variations are related to the corresponding variations in the geomagnetic 
field. The principal variation is daily and has a maximum amplitude of a few tens 
of millivolts per kilometer. Disturbances, such as those due to magnetic storms, 
display amplitudes as much as 30 times the normal in middle latitudes and 150 times 
normal in high latitudes. Extremely large earth currents flow during thunderstorms 
but are more random and more localized than normal telluric currents. 

Steady local currents, of much larger magnitude than telluric currents, are pro- 
duced by strong chemical reactions in the earth. For example, oxidation of that 
part of a sulfide deposit lying above the water table, in contrast to the inactive part 
lying below the water table, causes current to flow along the surface of the earth 
toward the zone of oxidation. Potential differences above 500 mv in 100 ft have 
been observed. The same type of differential chemical reaction in the corrosion of 
buried pipes causes the flow of currents which may be used to detect the centers of 
corrosion. | 

Artificial direct currents of large but variable magnitude are caused by the ground 
returns of electric railroads, etc. Alternating currents of comparatively low and 
unpredictable magnitude are associated with power lines; frequencies of 60 cps, and 
its odd harmonics, predominate. 
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For extensive discussions concerning the details of earth currents, and how they 
may be measured, the reader should consult the literature. : 

5k-6. Resistivity of the Earth. The generalized representation of the resistivity 
of earth materials (Fig. 5k-2) can be useful only if one considers the many factors 
which cause so much variation in the resistivity reported for a given rock type. The 
principal mechanism of conduction in rocks is electrolytic and, therefore, the resistivity 
of a given rock is dependent upon the amount of water which the rock contains as 


well as the resistivity of that water. The amount of water contained in the rock is 
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Fig. 5k-2. Resistivities of earth materials. 


dependent upon two factors; the porosity of the rock, which is why the dense igneous 
rocks are usually more resistant than the sediments: and the availability of water to 
fill the pores, which explains why the near surface resistivities follow the meteorological 
conditions closely, rising in times of prolonged dry weather and decreasing after a 
soaking rain. The resistivity of the included water depends on the quantity of dis- 
solved salts which have been gained either because the water has long been in contact 
with a rock normally thought to be insoluble or because the original rock minerals 
have been weathered into more soluble minerals. In drill holes, where the temper- 
ature increases with depth, it is important to note that the resistivity of a given rock 
decreases as the temperature increases. A further temperature effect lies in actual 


1Sydney Chapman and Julius Bartels, ‘‘Geomagnetism,” vol. 1, pp. 417-448, Oxford 
University Press, New York, 1940; ‘Terrestrial Magnetism and Electricity,’’ pp. 270-307, 
McGraw-Hill Book Company, Inc., New York, 1939, pt. VIII of a series, ‘“Physics of 
the Earth.” OS 7 
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freezing of the enclosed water which causes the rock resistivity to increase almost 
infinitely. Earth materials are usually electrically anisotropic; the resistivity in a 
direction perpendicular to the bedding planes is appreciably greater than that in a 
direction parallel to the bedding planes. 

In Fig. 5k-2, the values indicated with an asterisk are based on electrical resistivity 
logs made in drill holes.1. Other data are largely based on laboratory and in situ 
measurements at the surface.2. For a more detailed breakdown of rock types, etc., 
these references should be consulted. Either of the two textbooks gives an adequate 
description of how earth resistivities are measured in the field. 


TERRESTRIAL MAGNETISM 


5k-7. Scope and Nomenclature. Terrestrial magnetism, or geomagnetism, is con- 
cerned with the patterns and changes of the earth’s magnetic field and with the 
physical entities that govern them. 

The geomagnetic field vector F at any site is made up of the orthogonal components 
X (true north), Y (east), and Z (downward). The horizontal component of F (the 
resultant of Xand Y)isH. The attitude of F is specified by its angle of dip or inclina- 
tion I and by the magnetic declination D—the angle between H and true north. The 
angles J and D are given signs to conform, respectively, with Zand Y. These seven 
magnetic elements are connected by simple formulas, as are their small changes. 

For evaluating the magnitudes F, H, X, Y , and Z, usage favors the gamma (7), 
regarded interchangeably as a unit of induction or of magnetic intensity.? The 
methods of observation of the magnetic elements at different times and places are 
treated at length in the older literature. A few selected references are given.4 

5k-8. Characteristics of the Main Field. For a general view of the geomagnetic 
field, Gauss devised the method of potential analysis in terms of spherical harmonics. 
The chief accuracy limitation arises from the scantiness of data for the polar and 
oceanic areas. The latest analysis® is one of the best available in this regard, but 
further strengthening may be expected as air-borne surveys encroach on the large 
remaining gaps. : 

All the analyses affirm that the field is in large part that of a centered dipole, a 
field pattern described by well-known functions and corresponding to the first-order 
terms of the harmonic expansion. The dipole axis (the earth’s magnetic axis) is 
inclined about 11.5 deg to the axis of rotation ; it reaches from a point in Smith Sound 
(longitude 69°W) to the antipodal point in the Antarctic. ‘These points are called 
the geomagnetic poles. Geomagnetic latitude and the geomagnetic equator bear to 
them the same relation that the geographic latitude and equator bear to the geo- 


1 Hubert Guyod, ‘Electrical Well Logging Fundamentals,’’ Well Instrument Develop- 
ment Company, Houston, Tex. 
- ?J. J. Jakosky, ‘‘ Exploration Geophysics,” pp. 437-442, Trija Publishing Company, 
1950; C. A. Heiland, ‘‘ Geophysical Exploration,” pp. 656-667, Prentice-Hall, Inc., New 
York, 1940; and ‘‘ Handbook of Physical Constants,” pp. 304-319, Geological Society of 
America, Special Paper 36, Jan. 31, 1942. 

3As induction, 1 gauss = 10°y, and 1 mks unit = 10%. As magnetic intensity, 
1 oersted = 10*y and 1 mks unit = 1007 (unrationalized) or 4% X 1007 (rationalized). 

4G. Angenheister, Instrumente und Messmethoden, chap. 1 of Das Magnetfeld der Erde, 
in Wien-Harms, ‘‘ Handbuch der Experimentalphysik,’’ vol. 25, pt. 1, pp. 527-585, Leipzig, 
1928; D. L. Hazard, Directions for Magnetic Measurements, U.S. Coast and Geodetic 
Survey Serial 166, 135 pp., Washington, D.C., 1930; E. Mascart, “ Traité de magnétisme 
terrestre,’’ 441 pp., Paris, 1900; H. E. McComb, Magnetic Observatory Manual, U.S. 
Coast and Geodetic Survey Special Publ. 283, 240 pp., Washington, 1952; E. O. Schonstedt 
and H. R. Irons, NOL Vector Airborne Magnetometer Type 2A, Trans. Am. Geophys. 
Union 36, 25-41 (1955). 

° H. Spencer Jones and P. J. Melotte, The Harmonic Analysis of the Earth’s Magnetic 
Field for Epoch 1942, Monthly Notices Roy. Astron. Soc., Geophys. Suppl. 6, 409-430 
(1953). 
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graphic poles. The earth’s magnetic moment is at present 8.1 X 107° cgs electro- 
magnetic units, and F ranges from about 30 ey in the tropics to about 60 00 in 
high latitudes. 

However, when the acracl field is segeauel with the centered-dipole field, there 
remain undoubted and serious disparities, which fall into two categories—regional 
and local... The regional departures, reflected in the higher-order terms of the analyses, 
are largely if not entirely capable of being described in terms of a distribution of 
additional dipoles embedded in a spherical boundary lying midway between the 
earth’s center and its surface, all these dipoles being radially directed.! The local 
anomalies are on so small a scale geographically as to defy the practicable “resolving 
power” of the Gaussian treatment. They are ascribed to magnetic variegation of 
the relatively cool earth’s crust, especially the deep-lying basement rocks. While 
their presence seriously impedes the determination of the regional patterns, the 
development of their fine structure constitutes an important. phase of geophysical 
exploration for mineral wealth. The overlying sedimentary formations, being 
virtually nonmagnetic, serve to keep the observer at a distance from the chief sources 
of anomaly, and the intensity and scale of the surface magnetic patterns may reveal 
those localities where the basement rocks approach most closely to the surface. | 

Though the dipole approximation has its value, as in calculating the field at a 
distance from the earth, it is grossly inadequate for most purposes, owing to the 
disparities mentioned. To show the actual field, maps are overprinted with isopleths 
for the several magnetic elements, namely, isogonic lines for D, isoclinic lines for I, 
and isodynamic lines for the intensity elements. The isomagnetic patterns are 
governed to some extent by requirements arising from potential theory? but must be 
derived primarily from observed data. As commonly used to show the general 
patterns over large regions, the lines invariably have much or all of the local detail 
suppressed in their construction. Though placing some dependence on the proficiency 
of the cartographer, such treatment is a practical necessity, since widespread magnetic 
surveys cannot be conducted in the degree of detail that would be needed for full 
local development. Current world magnetic charts and the larger-scale series for 
the United States are listed in the references. 


TABLE 5-10. PosITIONS OF THE MAGNETIC Dir Paras AND OF THE F Roe 


| Northern | a Southern | 
Lat Long Lat Long 
Dip pole....... eines | 74m | 101°W | 68°S | 144°R 


_ Primary focus of fF... 73°N 124°E. 61°S. AWE 


When such charts are studied as to the effects of the sega anomalies, it is found 
that: (1) the magnetic equator, or line of zero dip, does not coincide with the geo- 
magnetic equator mentioned above but has segments lying both to the north and 
to the south of it; (2) the compass does not, in general, point to any pole—i.e., if 
azimuth lines are ‘constricted from various localities in accordance with the alien 
of D, such lines do not converge at a point; (3) the two magnetic dip poles, where H 
vanishes, do not aomee’ with the geomagnetic poles and are not directly opposite 


1A, G. McNish, ‘Physical Representations of the Geomagnetic Field, Trans. Am. 
Geophys. Union 21, 287-291 (1940). 

28, Chapman, Notes on Isomagnetic Charts, J. Geophys. Research 45, 4383-450; 46, ari 
168-172; 47, 1-13, 116-146 (1940-1942). 
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one another; and (4) the foci of maximum F are even farther removed from the 
geomagnetic poles. . When reference is made to the magnetic poles of the earth, this 
nearly always means the dip poles. The positions of the magnetic dip poles and of 
the F foci, as shown on current charts, are given in Table 5k-10. 

6k-9. Secular Change. The magnetic elements are subject to gradual change 
from year to year... The changes for a stated interval such as a year may be depicted 
on achart by means of isoporic lines. The patterns so formed depend on the element 
chosen, but in general their predominant aspect is one of regional foci of most rapid 
change of both signs, dispersed irregularly over the globe, and sometimes representing 
rates of change as great as 1007 per year at their centers. These foci have a life 
expectancy measured in decades, and during their lifetime they show a distinct: but 
slow westward drift.! 

Several investigators have sought to develop some worldwide systematic component 
of secular change. ‘Thus Macht? fitted to the earth’s field a combination of a paraxial 
and a transverse dipole, finding that the transverse one is displaced considerably 
from the axis and that it undergoes a translatory westward drift. 

6k-10. Origin of the Field. The distribution of J suggests that the field is eaaenly 
of internal origin. A dipole field pattern might arise, for example, from a uniform 
distribution of magnetization lying parallel to a diameter, and. completely filling the 
globe or any centrally enclosed sphere; or from a suitably disposed flow of internal 
electric current. The old notion that the earth was simply magnetized like a mass 
of magnetite failed to explain how the polarization could alter so as to account for 

‘the secular change, or how it might have arisen in the first place. And there is now 
ample evidence that the earth’s interior is far too hot to neve any peranens 
magnetization. 

A suggestion that ey much attention in recent years held the aepeloament of 
magnetic moment to be a fundamental attribute of all massive rotating bodies, the 
magnitude being so small as to elude detection on a laboratory scale. This hypothesis 
says nothing of the substantial transverse component of the earth’s magnetic moment, 
or of the secular change, and it has failed to meet certain tests involving measure- 
ments in deep mines. . 

The concepts now given most seed enes ascribe the Sisarved field, with its regional 
anomalies and its secular change as well, to magnetohydrodynamic action assigned 
to a metallic, fluid sphere comprising the earth’s core. Objections thought for a 
time to rule out self-exciting dynamo action in such a sphere have been met, and 
some progress has been made in exploring possible sources of the needed energy of 
maintenance, but no complete theory has as yet been formulated.? © 

6k-11. Transient Phenomena. Another segment of geomagnetism deals with 
small, rapid changes and has advanced chiefly through the aneuen of i sa 
observatories, of which there are now about 90.. 

The action known as the geomagnetic tide, a complex system of motions in the 
ionosphere, involves changes in temperature and ionization in response to the variable 
access of solar energy, along with gravitational forces imposed by the sun and moon. 
The movement of conducting material across Z generates (probably in the E layer) 
electric currents that produce daily variations of all the elements, of the order of 
107 to 40y i in most latitudes. . These fluctuations vary markedly from day to day in 


1K. C. Bullard, C. esdad, H. Gellman, and J. Nisa: The Westward Drift of the 
Earth’s Magnetic Field, Phil. Trans. Roy. Soc. (London), ser. A, 248, 67-92 (1950). 

2H. G. Macht, The Representation of the Main Geomagnetic Field and of Its Secular 
Variation by Means of Two Eccentric Dipoles, Trans. Am. Geophys. Union 32, (555-562 
(1951). 

3W.M. Elsasser, Hydromagnetism: a Review, Ane: J Phys. 23, pee-00s (1955) nd 24, 
85-110 (1956). 
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their amplitude and in their detailed configuration; but for ordinary (“‘quiet’’) days 
they present in long-term averages a clear-cut pattern depending on season and on 
the phase of the solar cycle. The study of such curves for various localities discloses 
the main features of the governing worldwide current system. 

Several kinds of irregularities mark the traces recorded at magnetic observatories. 
A well-defined, rounded excursion of 50y or so from an otherwise smooth course, 
completed in perhaps an hour, is termed a magnetic bay. With magnified scales it is 
found that fine-scale background activity of the order of ly is common, with charac- 
teristic frequencies predominating (depending on time of day). Near-sinusoidal 
trains of waves with a period of 20 to 30 sec may occur, suggesting some sort of 
resonance phenomenon.! Perturbations having a broad frequency spectrum are 
more often seen at the ordinary scale of recording. The incidence of these latter, as 
well as their severity, is loosely related to that of solar activity as reflected in the 
sunspot numbers. When a particularly severe solar disturbance is acting, the result 
may be what is termed a magnetic storm, lasting from several hours to a few days, 
with departures of possibly 5007 or more. Such disturbances are worldwide, and 
they may have a sudden commencement (SC), with a characteristic abrupt rise in H 
usually accompanied by an increase in activity, and followed by a progressive decrease 
in H in the first hour or so to abnormally low values. | 

Another recognized category of disturbance is the crochet, a sort of abbreviated 
magnetic bay, often associated with a solar flare (chromospheric eruption) and then 
called a solar-flare effect (SFE).? | | 

Magnetic activity is reported in terms of the K index, a gauge of the deviations | 
registered in successive 3-hr intervals from an assumed “normal” curve. Some 
progress has been made in working out techniques of forecasting magnetic activity. 
An important element is the 27-day recurrence tendency, a sort of quasi-periodicity 
that is probably connected with the longevity of the solar-disturbance centers in 
terms of solar rotation. 
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STELLAR AND GALACTIC MAGNETISM 


5k-12. Galactic Magnetism. Light from distant stars in our galaxy is appreciably 
polarized, which has been interpreted as due to scattering from needle-shaped 
ferromagnetic dust particles oriented by a general magnetic field pervading the 
galaxy.2 The lines of force are thought to follow, approximately, the spiral arms 
of the galaxy, and to deviate from mutual parallelism in the vicinity of the earth by 
about 10 deg due to the turbulence of the interstellar material. The fluctuations 
of these magnetic lines of force have been shown by Fermi, Chandrasekhar, and others 
to be a possible mechanism for the production of cosmic radiation.2 The field 
intensity is estimated to be about 6 X 10-® gauss. 


TaBLE 5k-11. Toe Generat Maanertic FIeLtp or THE Sun 


Field intensity at | _*&™ of 
Investigator measure- Remarks 
north pole¢ 
ments 
Hale, Langer’........... —4 gauss 1912-1932 | Reanalysis in 1935 of 
early data 
Nicholson, Ellerman, +3.6+41.7 1933-1934 | +45° 
and Hickox —2.0+2.8 1948-1949 | Visual 
von Kluber?............ <1-2 1949-1950 | +45°, photographic 
Thiessen’......... State +1.5 +3.5 1947-1948 | +45° photoelectric 
a 7 +1.5 40.75 © 1949 
+2.4+0.5 1951 
Kiepenheuer’...........| <1 gauss 1951 Full disk, photoelectric 
H. D. and H. W. +2-4 gauss at +70° 1952 Photoelectric, recording 
Babcock? | full disk 


* Polarity definition: magnetic vector toward observer is +. Note Thiessen used contrary definition. 

’G. E. Hale, Nature 136, 703 (1935). 

¢ Ann. Rept. Mt. Wilson Obs., C. I. W. Yearbook, 1934, p. 138; 1949, p. 12. 

4H. von Kluber, Monthly Notices Roy. Astron. Soc. 111, 2 (1951); 114, 242 (1954). 

e G. Thiessen, Z. Astrophys. 26, 16 (1949); 30, 185 (1952); Nature 169, 147 (1952); Ann. astrophys. 9, 
101 (1946). 

1K. O. Kiepenheuer, Astrophys. J. 117, 447 (1953). 

9H. W. Babcock, Astrophys. J. 118, 387 (1953); 119, 687 (1954); H. W. Babcock and H. D. Babcock, 
Publ. Astron. Soc. Pacific 64, 282 (1952). 


5k-13. General Magnetic Field of the Sun. The Zeeman effect affords the only 
direct means for measuring the intensities of astronomical magnetic fields. It has 
been used to study the magnetic fields of variable stars and sunspots, and to search 
for a general dipole field of the sun. The techniques and results of the general solar 
field have been reviewed by H. W. Babcock and T. G. Cowling. Table 5k-11 sum- 


iw. A. Hiltner and J. Hall, Astrophys. J. 114, 241 (1951). 

2L. Spitzer and J. W. Tukey, Astrophys. J. 114, 187 (1951). 

3K. Fermi, Astrophys. J. 119, 1 (1954). 

48. Chandrasekhar and E. Fermi, Astrophys. J. 118, 113 (1953). 

5H. W. Babcock and T. G. Cowling, Monthly Notices Roy. Astron. Soc. 113, 357 (1953). 
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- Tapie 5k-12. Potar Maenetic Frenp Strenetus H; or 35 Srars* 


a ea ead ean ees 


No. 


Star Mag. | Type | plates Hp, Baus, eropabie Remarks 
ney extremes . error 
meas. 

HD 2453...... 6.7 | Aop 1 | —1,520 +300 | | 7 
HD 4174... 7.5 |M2ep| 4. | +3,500, —3,900 | +600 | H@ varies 
HD 8441...... 6.6 | Aop 1 | +1,300, —... +500 
HD 10783.. 6.6 | A8p 7 | +5,000, —2,500 | 
HR 710....... 5.8 | A2p 11 | —1,070, —2,970 +250 
HR 1105...... 5.3 18 1 | +1,470 oe +210 
36 Eri......... 4.7 | Aop . 1 | +1,360 ~ +700 
p» Lep 3.3 | Aop 2 | +620 +250 — 
WY Gem......| 7 M3ep| 1 | +1,800 — +500 - 
HD 42616..... 6.9 | Aop 3 | +2,250, —2,770 +600 
HD 49976..... 6.2 | Aop 1 | +8,400. | +800 
HD 60414,5..| 5.1 |MB8ep| 1 | —2,200 - 
HD 71866..... 6.7 |Aop | 1 | —4,000 +400 
3 Hya......... 5.6 | A2p 7 | +2440, —1,600 +350 
49 Cnc........ 5.6 | A4p 5 | +4,000, —600 +400 | Sp. var 
45 Leo........ 5.9 | Ao 3 | +1,000, 250 | ...... Sp. var 
17 Com A..... 5.4 | Aop 3 —1,600, —3,800 | ...... Sp. var 
a? CVn....... 2.9 | Aop 21 +5,000, —4,000 | ...... Sp. var 
TON Woricsses 4.9 | A2p 13 —500, —3,350 +200 | Sp. var 
HD 125248....|. 5.7 | Aop 29 | +7,000, —6,000 | ...... Sp. var 
uLibA....... 5.4 | A4p 2 | —1,600, —3,900 +400 | 
HD 133029 6.2 | Aop 45 | +4300, +10,500; ...... ~1.54 
6 Cr B........ 3.7 | Fop 12 | +2,670, —900 . +150 
52 Her........| 4.9 | A2p I +2,780 |. +300 Lee & 
HD 153882....| 6.2 |Aop | 20 | +4,500, —4,000 | ...... P = 64.005 
HD 173650....| 6.4 |Aop | 2 | +1,600, —1,300 +350 
10 Aql........ 5.9 | A3p. 2 | +900, +460 +120 
21 Aql........ 5.1 | B8 4 | +500, —1,900 +500 a, BaF 
HD 188041....| 5.6 | Fop 41 | +1,240, +4,750 +150 | P = 2264 
HD 192913....| 6.7 | Aop 1 | —1,730 | 
73 Dra........ 5.2 | AQp 5 | —1,200, —2,300 | ...... Sp. var. 
vy Equ......... 4.8 | Fop 9 +760, +2,750 +110 
AG Peg....... 7.6 | Bep 5 | —1,400, —4,000 
VV Cep....... 5v | M2e 2 | +2000, —1,200°:) +300 
HD 224801....| 6.2 | Aop 1 | +7,500 | + 1,400 


* Taken from Table I of H. W. Babcock and T. G. Cowling, Monthly Notices Roy. Astron. Soc. 118, 
357 (1953). 


marizes the principal results. H. W. and H. D. Babcock now make daily records of 
the details of the solar field mapped over the whole disk, measured to a stated pre- 
cision of 1 gauss. The longitudinal Zeeman. effect. due to a pure dipole field would 
be a maximum at +45° solar. latitude. The measurements of Thiessen and of 
von Kluber (see Table 5k-11) were made at this latitude. Thus the distorted general 
field of 2 to 4 gauss at latitudes > +65° found by the Babcocks would presumably not 
have been detected by Thiessen or von Kluber.. Kiepenheuer examined the full disk 
with negative results. The polarity of the field found by the Babcocks is opposite 
to the polarity of the earth and of the sunspots in cycle (No. 18) approaching a 
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minimum in 1955. It is also opposite to the field found by Hale. It is possible 
that the solar field is not constant and that the sun may be thought of as a weak 
magnetic variable star. 

5k-14. Sunspot Fields. Sunspots! vary greatly in both size and magnetic-field 
strength, although size and field are closely related. Sunspot areas are measured in 
units of one-millionth of a solar hemisphere and have been observed as large as 
5,400 millionths (Feb. 6, 1946) and as small as one-millionth (specks). The corre- 
sponding magnetic-field strengths vary from about 3,700 to about 100 gauss. An 
individual spot has a dark central region (umbra) and a brighter filamentary region 
(penumbra) surrounding it. The field strength of the spot is found to vary radially 
according to the empirical formula of Broxon:? H = H,,(1 — r?/b?), where H», is the 
maximum field strength, and 6 is the outer radius of the penumbra. Sunspots are 
normally found in groups extended in the direction of solar rotation in two low- 
latitude zones on either side of the solar equator. Each group contains leader and 
follower spots of opposite magnetic polarity. The abundance of spots follows the 
11-year sunspot cycle. Slightly in advance of sunspot minimum the new spots of 
the coming cycle appear near 30° latitude, gradually decreasing to about 8° during 
the cycle. In the present cycle (No. 18, beginning in 1944) the leading spots in the 
northern solar hemisphere are south poles, the following spots north. The polarity 
of the spots in the southern hemisphere is reversed. In the next sunspot cycle, all 
these polarities will be reversed: i.e., the leading northern hemisphere spots will be 
north poles, etc. Thus ‘the ‘magnetic sunspot cycle’’ has a 22-year period.® 

5k-15. Stellar Magnetic Fields. Many stars have strong magnetic fields easily 
detected with the Zeeman technique. Since only the integrated light from one 
hemisphere of the star can be measured, only those stars with general nonmultipolar 
fields which are oriented with the magnetic axis inclined toward the line of observation 
will show a strong Zeeman shift. To date observations are restricted to stars brighter 
than magnitude 7.6. Variable magnetic fields of 650 to 10,500 gauss maximum 
intensity have been measured in stars of a wide variety of spectral types. Among the 
most interesting are the spectrum variables, in which the magnetic oscillations are of 
greatest amplitude and are in fixed phase relationship with the spectral variations. 
The data of Table 5k-12 are taken from Babcock and Cowling’s review, General 
Magnetic Fields in the Sun and Stars. Theories of stellar magnetism are reviewed 
in Part II of their review. 


1K. Pettit, ‘The Sun and Stellar Radiation,” in J. A. Hynek, ‘‘Astrophysics, A Topical 
Symposium,’’ McGraw-Hill Book Company, Inc., New York, 1951; W. Grotrian, Z. angew. 
Phys. 2, 376 (1950). 

2 J. W. Broxon, Phys. Rev. 62, 508 (1942). 

3G. E. Hale and 8. B. Nicholson, Astrophys. J. 62, 270 (1925). 

*H. W. Babcock and T. G. Cowling, Monthly Notices Roy. Astron. Soc. 113, 357 (1953). 
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6a. Fundamental Definitions, Standards, 
and Photometric Units! 


6a-1. Fundamental Definitions 


Absorption Factor. The ratio of the intensity ies by absorption to the total 
original intensity of radiation. If J, represents the original intensity, J, the intensity 
of reflected radiation, J, the intensity of the transmitted radiation, the absorption 
factor is given by the expression 


I, — Uy + It) 
; ; I, 
Also called coefficient of absorption. 
Absorption, Lambert’s Law. If I. is the original intensity, IJ the intensity after 
passing through a thickness x of a material whose absorption coefficient is a, 


I = Ie 


The extinction coefficient x is given by the relation «x = (4rxn)/\ where n.is the 
index of refraction and \ the wavelength in vacuo. The mass absorption i is given by 
k/d when d is the density. The transmission factor is given by I/T>. 

Absorption Spectrum. The spectrum obtained by the examination of light from 
a source, itself giving a continuous spectrum, after this light has passed through an 
absorbing medium in the gaseous state. The absorption spectrum. will consist of 
dark lines or bands, being the reverse of the emission spectrum of the absorbing 
substance. 

When the absorbing medium is in the solid or liquid state the spectrum of the 
transmitted light shows broad dark regions which are not resolvable into lines and 
have no sharp or distinct edges. 

Absorptive Power or Absorptivity. For any body, this is measured by the fraction 
of the radiant energy falling upon the body which is absorbed or transformed into 
heat. This ratio varies with the character of the surface and the wavelength of the 
incident energy. It is the ratio of the radiation absorbed by any substance to that 
absorbed under the same conditions by a black body. 

Achromatic. A term applied to lenses signifying their more or less complete 
correction for chromatic aberration. 

Angular Aperture. The largest angular extent of wave surface which an objective 
can transmit. 

Apochromat. A term applied to photographic and microscope objectives indi- 
cating the highest degree of color correction. 

Astigmatism. An error of spherical lenses peculiar to the formation of images by 
oblique pencils. The image of a point when astigmatism is present will consist of 
two focal lines at right angles to each other and separated by a measurable distance 


1 Definitions, standards, and units presented in this section follow for the most part 
the wording used in the ‘‘ Handbook of Chemistry and Physics,’’ 36th ed., pp. 2480, 2787— 
2841, 2880-2881, Chemical Rubber Publishing Company, 1954-1955. 
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along the axis of the pencil. The error is not eliminated by reduction of aperture 
as is spherical aberration. 7 a oe 

Balmer Series of Spectral Lines. ‘The wavelengths of a series of lines in the spectrum 
of hydrogen are given in Angstroms by the equation , | 


N2 
where WN is an integer having values greater than 2. 

Beer’s Law (1852). If two solutions of the same salt are made in the same solvent, 
one of which is, say, twice the concentration of the other, the absorption due to a 
given thickness of the first solution should be equal to that of twice the thickness of 
the second. 

Black Body. Tf, for all values of the wavelength of the incident radiant energy, 
all the energy is absorbed the body is called a black body. 

Brewster's Law. The tangent of the polarizing angle for a substance is equal to 
the index of refraction. The polarizing angle is that angle of incidence for which the 
reflected polarized ray is at right angles to the Bead ry If n is the index of 
refraction and 6 the polarizing angle, n = tan @. eg ; 

Brightness. Measured by the flux emitted per unit emissive area as projected 
on a plane normal to the line of sight. The unit of brightness is that of a perfectly 
diffusing surface giving out one lumen per square centimeter of projected surface 
and is called the Lambert. The milli-Lambert (0.001 Lambert) is a more convenient 
unit. Candle per square centimeter is the brightness of a surface which has, in the 
direction considered, a luminous intensity of one candle per cm?. The international 
candle is a unit of luminous intensity, based on a group of 45 carbon-filament lamps 
preserved at the National Bureau of Standards. The new candle is gg the intensity. 
of one square centimeter of a black-body radiator at the solidification temperature 
of platinum (2042°K). 

Chemiluminescence. Emission of light during a chemical reaction. 

Christiansen Effect. When finely powdered substances, such as glass or quartz, 
are immersed in a liquid of the same index of refraction complete. transparency can 
be obtained only for monochromatic light. If white light is employed, the trans- 
mitted color corresponds to the particular wavelength for which the two substances, 
solid and liquid, have exactly the same index of refraction. Because of differences in 
dispersion the indices of refraction will match for only a narrow band of the spectrum. 

Chromatic Aberration. Because of the difference in the index of refraction for 
different wavelengths, light of various wavelengths from the same source cannot be 
focused at a point by a simple lens. This is called chromatic aberration. 

Coma. An aberration of spherical lenses, occurring in the case of oblique incidence, 
when the bundle of rays forming the i image is unsymmetrical. The image of a point 
is comet-shaped, hence the name. | 

Conjugate Foci. Under proper conditions light divergent from a point on or near 
the axis of a lens or spherical mirror is focused at another point. The point of con- 
vergence and the position of the source are interchangeable and are called Poniugote 
foci. 

Diffraction. If the light source were a point, the shadow of any object wou 
have its maximum sharpness; a certain amount of illumination, however, would be 
found within the geometrical shadow because of the diffraction of the light at the 
edge of the object. 

Diffraction Grating. If s is the distance between is rulings, d the angle of diffrac- 
tion, then the wavelength where the angle of incidence i is 90 deg i is (for the nth order 


apcotrum), : 
s sin d 


nN 


N= 
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Dispersion. The difference between the index of refraction of any substance for 
any two wavelengths is a measure of the dispersion for these wavelengths, called the 
coefficient of dispersion. : 

_ Dispersive Power. If n, and nz are the indices of refraction for wavelengths \,; and 
A» and n the mean index or that for sodium light, the dispersive power for the specified 
wavelength is 

_ Ne —- nN 

ar en | 

Doppler Effect (Light). The apparent change in the wavelength of light produced 
by the motion in the line of sight of either the observer or the source of light. 

If 7 is the angle of incidence, d the angle of diffraction, s the distance between the 
rulings, n the order of the spectrum, the wavelength is 


A = — (sin 7 + sin d) 


SS) 
nN 


Emissive Power, or Emissivity. This is measured by the energy radiated from unit 
area of a surface in unit time for unit difference of temperature between the surface 
in question and surrounding bodies. For the cgs system the emissive power is given 
in ergs per second per square centimeter with the radiating surface at 1°K and the 
surroundings at absolute zero. See Radiation Formula. 

Faraday Effect. ‘The rotation of the plane of polarization produced when plane- 
polarized light is passed through a substance in a magnetic field, the light traveling 
in a direction parallel to the lines of force. For a given substance, the rotation is 
proportional to the thickness traversed by the light and to the magnetic-field strength. 

Fermat’s Principle of Least Time. The path chosen by a ray joining two points 
is that which can be traveled over in the least possible time. 

Fraunhofer’s Lines. When sunlight is examined through a spectroscope it is found 
that the spectrum is traversed by an enormous number of dark lines parallel to the 
length of the slit. These dark lines are known as Fraunhofer’s lines. Kirchhoff 
conceived the idea that the sun is surrounded by layers of vapors which act as filters 
of the white light arising from incandescent solids within and which abstract those 
rays which correspond in their periods of vibration to those of the components of the 
vapors. Thus reversed or dark lines are obtained because of the absorption by the 
vapor envelope, in place of the bright lines found in the emission spectrum. 

Huygens’ Theory of Light. This theory states that light is a disturbance traveling 
through some medium, such as the ether. Thus light is due to wave motion in ether. 

Every vibrating point on the wavefront is regarded as the center of a new dis- 
turbance. These secondary disturbances, traveling with equal velocity, are enveloped 
by a surface identical in its properties with the surface from which the secondary 
disturbances start and this surface forms the new wavefront. 

Illumination. On any surface, illumination is measured by the luminous flux 
incident. on unit area. The units in use are: the luz, one lumen per square meter ; 
the phot, one lumen per square centimeter and the lumen per square foot. Since at 
unit distance from a point source of unit intensity the illumination is unity, unit | 
illumination may be defined as that produced by a unit source at unit distance, 
hence the meter-candle or candle-meter which is equal to the lux and the foot-candle 
equivalent to one lumen per square foot. 

Index of Refraction. For any substance this is the ratio of the velocity of light 
in a vacuum to its velocity in the substance. It is also the ratio of the sine of the 
angle of incidence to the sine of the angle of refraction. In general, the index of 
refraction for any substance varies with the wavelength of the refracted light. 
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Intensity of Illumination. In candle-meters of a screen illuminated by a source 
of illuminating power P candles at a distance r meters, for normal incidence, intensity 
of illumination is 

P 
I = re 

If two sources of illuminating power P; and P, produce equal illumination on a 

screen when at distances r; and re, respectively, 


If I, is the intensity of illumination when the screen is normal to the incident light 
and J the intensity when an angle @ 
I = 1, cos 0 


Intensity of Radiation. The radiant energy emitted in a specified direction per 
unit time, per unit area of surface, per unit solid angle. 

Kirchhoff’s Laws of Radiation. The relation between the powers of emission and 
the powers of absorption for rays of the same wavelength is constant for all bodies 
at the same temperature. First, a substance when excited by some means or other 
possesses a certain power of emission; it tends to emit definite rays, whose wave- 
lengths depend upon the nature of the substance and upon the temperature. Second, 
the substance exerts a definite absorptive power, which is a maximum for the rays 
it tends to emit. Third, at a given temperature the ratio between the emissive and 
the absorptive power for a given wavelength is the same for all bodies and is equal to 
the emissive power of a perfectly black body. 

Lambert’s Law of Absorption. Each layer of equal thickness absorbs an equal 
fraction of the light which traverses it. | 

Lambert’s Law of Illumination. The illumination of a surface on which the light 
falls normally from a point source is inversely proportional to the square of the 
distance of the surface from the source. If the normal to the surface makes an. 
angle with the direction of the rays, the illumination is proportional to the cosine of 
that angle. | | | 

Lenses. For a single thin lens whose surfaces have radii of curvature 71 and 75 
whose principal focus is F, the index of refraction n, and conjugate focal distances hi 
and f 2y | 


1 1,1 11 
ae ei eal eer Ome fe Gee Os 
AE ee | m Gets 
For a thick lens, of thickness ¢, 
| fs 
(n — I)[n(r1 + 12) — ttn — 1)] 


COMBINATIONS OF LENSES. If f; and f2 are the focal lengths of two thin lenses 
separated by a distance d the focal length of the system, | 


_ Sif 
fitfe—d 


_ Luminous Flux. The total visible energy emitted by a source per unit time is 
called the total luminous flux from the source. The unit of flux, the lumen, is the 
flux emitted in unit solid angle (steradian) by a point source of one candle luminous 
intensity. A uniform point source of one candle intensity thus emits 4r lumens. 
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Luminous Intensity, or Candlepower. This is the property of a source of emitting 
luminous flux and may be measured by the luminous flux emitted per unit solid angle. 
The accepted unit of luminous intensity is the international candle. The Hefner unit, 
which is equivalent to 0.9 international candle, is the intensity of a lamp of specified 
design burning amy] acetate, called the Hefner lamp. 

The mean horizontal candlepower is the average intensity measured in a horizontal 
plane passing through the source. The mean spherical candlepower is the average 
candlepower measured in all directions and is equal to the total luminous flux in 
lumens divided by 4r. 

Magnifying Power. In an optical instrument this is the ratio of the angle sub- 
tended by the image of the object seen through the instrument to the angle subtended 
by the object when seen by the unaided eye. In the case of the microscope or simple 
magnifier the object as viewed by the unaided eye is supposed to be a distance of 
25 em (10 in.). 

Minimum Deviation. The deviation or change of direction of light passing through 
a prism is a minimum when the angle of incidence is equal to the angle of emergence. 
If D is the angle of minimum deviation and A the angle of the prism, the index of 
refraction of the prism for the wavelength used is va | 


sin (A + D) 
ta 


sin 7A 


Molecular Refraction. The molecular refraction of a substance may be computed 
by the following relation: > ss i: os | 
| _ M(r? — }) 
2 ee a(n? + 2). 


where N is the molecular refraction for a specified wavelength and temperature, 
M the molecular weight, d the density, and n the refractive index for the specified 

conditions. | , . 2 
Nodal Points. ‘Two points on the axis of a lens such that a ray entering the lens 
in the direction of one, leaves as if from the other and parallel to the original direction. 
Photographic Density. The density D of silver deposit on a photographic plate or 
film is defined by the relation 
D = log O 


where O is the opacity. If I, and J are the incident and transmitted intensities, 
respectively, the opacity is given by I./I. The transparency is the reciprocal of the 
opacity, or I/Io. : . | | 

Polarized Light. Light which exhibits different properties in different directions 
at right angles to the line of propagation is said to be polarized. Specific rotation is 
the power of liquids to rotate the plane of polarization. It is stated in terms of 
specific rotation or the rotation in degrees per decimeter per unit density. 

Principal Focus. For a lens or spherical mirror this is the point of convergence 
of light coming from a source at an: infinite distance. : 2 | , 

Radiation. If I, is the intensity of normal radiation and J the intensity at an 
angle 8 

I =1[I,cos® 


This is called Lambert’s law. It does not apply in all cases. — 
~ Radiation Formula, Planck’s. The emissive power of a black body at wavelength » 
may be written a : , | 
, e175 
En = GATT 
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where c and cz are constants with numerical values 3.7403. X 108 microwatts per cm? 
per 0.014 zone of spectrum and 14,3844 deg, respectively, and 7 the absolute 
temperature. | " 

Radius of Curvature from Spherometer Readings. If 1 is the mean length of the 
sides of the triangle formed by the points of the three legs, d the spherometer readings, 
the radius of curvature of the surface is 


2 6a 
Feats 


Reflection Coefficient, or Reflectivity. This is the ratio of the light reflected from a 
surface to the total incident light. The coefficient may refer to diffuse or to specular 
reflection. In general it varies with the angle of incidence and with the wavelength 
of the light. | | 

Reflection of Light by a Transparent Medium in Air (Fresnel’s Formulas). If 7 is the 
angle of incidence, r the angle of refraction, n; the index of refraction for air (nearly 
equal to unity), nz the index of refraction for a medium, then the ratio of the reflected 
light to the incident light is 

R=2 (& (@—r) , tan? @ — 7) 
~ 2 \gin? G+ 7) * tan? (7 + 1) 


If ¢ = 0 (normal incidence), and n, = | (approximate for air), 


_ N22 —1\2 
R= (mS 


Refraction at a Spherical Surface. If u is the distance of a point source, v the 
distance of the point image or the intersection of the refracted ray with the axis, 
n, and nz the indices of refraction of the first and second medium, and r the radius 
of curvature of the separating surface, 


Le Wiel a 


v u r 
If the first medium is air the equation becomes 


n—l1 
r 


n 1 
oa 


Refractivity is given by (n — 1) when n ig the index of refraction; the specific 
refractivity is given by (n — 1)/d where d is the density. Molecular refractivity is 
the product of specific refractivity by the molecular weight. 

Resolving Power. For a telescope or microscope this is indicated by the minimum 
separation of two objects for which they appear distinct and separate when viewed 
through the instrument. | | | | 

The molecular or atomic rotatory power is the product of the specific rotatory power 


by the molecular or atomic weight. Magnetic rotatory power is given by 


Lae 
e 


where H is the intensity of the magnetic field, and a is the angle between the field. 


and the direction of the light. 7 | 
Snell’s Law of Refraction. If 7 is the angle of incidence, r the angle of refraction, 

v the velocity of light in the first medium, v’ the velocity in the second medium, the 

index of refraction n, — | . ob 

| | te = 


‘gin r 


SS 


" Po diced ae a 
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Specific Rotation. If there are n grams of active substance in v cubic centimeters 
of solution and the light passes through / centimeters, r being the observed rotation 
in degrees, the specific rotation (for 1 cm), > 


TV 
[a] = 


Spectral Series. These are spectral lines or groups of lines which occur in an 
orderly sequence. 

Spherical Aberration. When large surfaces of spherical mirrors or lenses are used 
the light divergent from a point source is not exactly focused at a point. The phe- 
nomenon is known as spherical aberration. For axial pencils the error is known as 
axial spherical aberration; for oblique pencils, coma. 

Spherical Mirrors. If R is the radius of curvature, F the principal focus, and fi 
and f. any two conjugate focal distances, i 


If the linear dimensions of the object and image be O and J, respectively, and u 
and v their distances from the mirror, | 


Total Reflection. When light passes from any medium to one in which the velocity 
is greater, refraction ceases and total reflection begins at a certain critical angle of 
incidence @ such that | 


pe 
n 


where n is the index of the first medium with respect to the second. If the second 
medium is air n has the ordinary value for the first medium. For any other second 
medium, | 
i 8 
Ne 
where n; and nz are the ordinary indices of refraction for the first and second medium, 
respectively. | | 
Visibility. This is measured by the ratio of the luminous flux in lumens to the 
total radiant energy in ergs per second or in watts. — _ | 
Watt of Maximum Visibility Radiation. 680 lumens. os 
Wien’s Displacement Law. When the temperature of a ‘radiating black body 
increases, the wavelength corresponding to maximum energy decreases in such a way 
that the product of the absolute temperature and wavelength is constant. 


Amaxl’ = w 


Zeeman Effect. The splitting of a spectrum line into several symmetrically dis- 
posed components, which occurs when the source of light is placed in a strong mag- 
netic field. 'The components are polarized, the directions of polarization and the 
appearance of the effect depending on the direction from which the source is viewed 
relative to. the lines of force. 

6a-2. Fundamental Standards. The international candle is a unit of luminous 
intensity. It is a specified fraction of the average horizontal candlepower of a group 
of 45 carbon-filament lamps preserved at the National Bureau of Standards. The 
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new candle is go of the intensity of one square centimeter of a black-body radiator 
at the solidification temperature of platinum (2042°K). The primary standard 
wavelength which defines the Angstrom unit is the red cadmium line in air, 760 mm 
pressure, 15°C, at 6,438.4696 A. 


FLAME STANDARDS 
(Value of various former standards in international candles) 


: Candles 
Standard pentane lamp, burning pentane.............. 10.0 
Standard Hefner lamp, burning amy] acetate.......... 0.9 
Standard Carcel lamp, burning colza oil............... 9.6 


The Carcel unit is the horizontal intensity of the carcel lamp, burning 42 g of colza 
oil per hr. For a consumption between 38 and 46 g/hr the intensity may be con- 
sidered proportional to the consumption. 

The Hefner unit is the horizontal intensity of the Hefner lamp burning 
amyl acetate, with a flame 4 cm high. If the flame is 1 mm high, the intensity 
I =1+40.027( — 40). | - 


6a-3. Photometric Quantities, Units, and Standards. 


Candle (or International Candle). The candle is the unit of luminous intensity. 
It is a specified fraction of the average horizontal candlepower of a group of 45 carbon- 
filament lamps preserved at the Bureau of Standards. 

Candle (new unit). 5 of the intensity of one square centimeter of a black-body 
radiator at the temperature of solidification of platinum (2042°K). | | 

Lumen. The lumen is the unit of luminous flux. It is equal to the flux through a 
unit solid angle (steradian) from a uniform point source of one candle, or to the flux 
on a unit surface all points of which are at unit distance from a uniform point source 
of one candle. | . 

Illumination. Illumination is the density of the luminous flux on a surface. It 
is the quotient of the flux by the area of the surface when the latter is uniformly 
illuminated. | 

Least Mechanical Equivalent of Light. One lumen at the wavelength of maximum 
visibility (0.556) equals 0.00161 watt (= 0.000385 g-cal/sec); one watt at the same 
wavelength equals 680 lumens. 

Relative Visibility. The relative-visibility factor for a particular wavelength is the 
ratio of the visibility factor for that wavelength to the maximum visibility factor. 

Values of the relative visibility are given as a part of the specification of the standard 
observer under Colorimetry. 

Efficiency of a Source of Light. The efficiency of a source is the ratio of the total 
luminous flux to the total power consumed. In the case of an electric lamp it is 
expressed in lumens per watt. 

Spherical Candlepower. The spherical candlepower of a lamp is the average 
candlepower of the lamp in all directions in space. It is equal to the total luminous 
flux of the lamp in lumens divided by 4r. 

Lambert. The unit of brightness equal to 1/m candle per square centimeter. 

Foot-Lambert. The unit of photometric brightness (luminance) equal to 1/x candle 
per square foot. , = 


6a-4. Photometric Units 


Bougie Decimale (intensity of source). 1.0 international candle (approximately). 
Candle (International) (intensity of source). 0.104 Carcel unit (approximately); 


1.0000 international lumen per steradian; 1 pentane candle (approximately); 1 English 
sperm candle (approximately); 1.11 Hefner unit (approximately). 

Candle per square centimeter. (surface brightness). 3. to Lamberts; 3141. 6 milli- 
Lamberts. 

Candle per square inch (surface brightness). 0.48695 Lambert : 486.95 aie 
Lamberts. 

Carcel unit (intensity of spareey. 9. 6 international candle (approximately). 

English sperm candle (intensity of source). 1.0 international candle (approxi- 
mately). 

Foot-candle (illumination of a surface). 1 Jumen incident per square foot; 1.0764 
milliphots; 10.764 lumens per square meter; 10.764 lux. 

Hefner unit (intensity of source). 0.90 international candle ere ey 

Lambert (surface brightness). 0.3183 candle per square centimeter; 2.054 candles 
per. square inch; 1 lumen emitted per square centimeter of a perfectly diffusing 
surface. _ 

Lumen (flux of luminous energy). Is emitted by 0. 07958 spherical candlepower. 
A source of one. spherical candlepower emits 47 or 12.566 lumens. 

Lumen per square centimeter per steradian (surface brightness). 3.1416 Lamberts. 

Lumen per square foot (illumination of a surface). 1 foot-candle; 10.764 lumens 
per square meter. | a a 

Lumen per square foot per steradian (surface brine). 3.3816 milli-Lamberts. 

Lumen: per square meter (surface illumination). 1 X 10~* phot; 0.092902 foot- 
candle or lumen ‘per square foot. 

Luz (illumination of a surface). 1 X 107+ phot; 0.1 milliphot; 0.092902 foot- 
candle; 1.000 lumen per square meter. | 

Meter-candle (illumination of a surface). 1.000 lumen per square meter. 

Milli-Lambert Cue brig nines: 0.929 lumen emitted per square foot (perfect 
diffusion). | | 

Miiliphot (lumination of a surface). 0.001 phot; 0.929 foot-candle. 

Pentane candle (intensity of source). 1.0 international candle (approximately). 

Phot (illumination of a surface). 1 lumen incident per square eentimeter; 1,000 
milliphots; 1.000 X 104 lumens per square meter; 1 X 10¢ jux. 

Stilb (surface brightness). 1 candle per square centimeter. 


6b. Index of Refraction 


§. S. BALLARD 
Scripps Institution of Oceanography 
| K. A. McCARTHY 
Tufts University — 


W. BROUWER 
Baird-Atomic, Inc. 


The index of refraction, usually denoted by n, is defined as the ratio of the velocity 
of light in a vacuum to the velocity of light in the given material. Indices not other- 
wise indicated are for sodium light, \ = 589.3 my. Other wavelengths are indicated 
by the value in millimicrons or symbol in parentheses which follows the index. Wave- 
lengths are indicated as follows: He, \ = 587.6 my; Li, \ = 670.8 my; Hg, \ = 579. 1 
my; A, X = 759.4 my; C, \ = 656.3 mu; D, A = 589.3 my; .F, X = 486.1 my. | 

Temperatures are understood to be 20°C for liquids, or ordinary room temperatures 
in the case nor solids. Other temperatures appear as superior figures with the index. 
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TABLE 6b-1. INDEX oF REFRACTION OF SELECTED UnNIAXIAL MINERALS* 


Index of refraction 


ike 2s aS wre ee ei eS 


ns Fons ) Ordinary Extraordinary 
ray ray 
Uniaxial Positive Minerals 
| 
Ice...............-| H2O 1.309 1.313 
Sellaite...........| MgF. 1.378 1.390 
Chrysocolla.......| CuO-Si02-2H20 1.460+ |1.570+ 
Laubanite........ | 2Ca0-Al,03-58i02-6H,0 1.475 | 1.486 
Chabazite........ | (Ca, Naz)O-Al203-48i102-6H20 1.480+ | 1.482+ 
Douglasite........ 2KCl-FeCl2-2H2O0 1.488 1.500 
Hydronephelite... 2Na,0-3A1.03-68i02:7H20 | 1.490 1.502 
Apophyllite....... K,0-8Ca0-168i02-16H2O0 1.5385+ | 1.53874 
Quartz..........- SiOz | | 1.544 1.553 — 
Coquimbite.......| Fex03-3803-9H20 1.550 1.556: 
Brucite........... Mg0O-H.0 1.559 1.580 
Alunite.........-.| K20-3A1,03-4803-6H2O0 1.572 1.592 
Penninite.........|5(Mg, Fe)O-Al,03:3S8i02-4H2O 1.576 1.579 
Cacoxenite........ 2Fe,03-P20;:12H20 : 1.582 1.645 
Eudialite......... 6Na,0-6(Ca, Fe)0-20(Si, Zr)O2-NaCl | 1.606 1.611 
Dioptase......... .| CuO-SiO2-H2O | | 1.654 1.707 
Phenacite......... 2BeO:Si0, 1.654 1.670 
Parisite...........| 2CeOF-Ca0-3COz 1.676+ | 1.757 
Willemite.........| 2ZnO-SiO2 1.691 1.719 
Vesuvianite. .. -|2(Ca, Mn, Fe)O-(Al, Fe) 1.716+ | 1.721 
(OH, F)O-28102 

Xenotime........-. Y.03-P205 1.721 1.816 
Connellite......... 20Cu0-SO3-2CuCl,:-20H20 1.724 1.746 
Benitoite......... BaO-TiO2:38i102 1.757 1.804 
Ganomalite....... 6PbO-4(Ca, Mn)O-68i02°H20 1.910 1.945 
Scheelite.......... Ca0-WO; 1.918 1.934 
Zivcon.........++% ZrO2SiOe 1.923 + | 1.9684 
Powellite......... CaO-MoOs; 1.974 1.978 
Calomel.......... Hg(Cl 1.973 2.650 
Cassiterite........ SnO.2 1.997 2.093 
Zincite........... ZnO 2.0138 2.029 
Phosgenite........ PbO-PbCl.-CO2 2.114 2.140 
Penfieldite........| PbO-PbCl:. 2.130 2.210 
Iodyrite.......... AgI 2.210 2.220 
Tapiolite.......... FeO-(Ta, Nb)2Os 2.270 2.420 (Li line) 
Wurtzite......... .| ZnS 2.356 2.378 
Greenockite....... CdS 2.506 2.529 
Rutile............| TiO 2.616 2.903 
Moissanite........| CSi 2.654 2.697 
Cinnabar........- Hgs 2.854 3.201 


INDEX OF REFRACTION 
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TaBLE 6b-1. INDEX oF REFRACTION OF SELECTED UNIAXIAL 


~ MinERAxLs* (Continued) 


Mineral Formula 
Uniaxial Negative Minerals - 
Chiolite.....:.....] 2NaF-AIF; 
Hanksite......... : 11Na.0-9S0O;3-2CO,.-KCl 
Thaumasite...... .| 3CaQ-CO2-Si02-SO3:15H.O 
Hydrotalcite...... 6Mg0Q.-Al.0;-CO,2-15H20 
Cancrinite........ 4Na.0-Ca0O-4Al,03-2CO2-98i02:3H20 | 
Milarite.......... K,0-4Ca0-2A1.03:248i02:H2O0 
Kaliophilite 2 sh ay WS K,O -Al 203 -28102 ; 
Mellite........... Al203-C209-18H2O 
Marialite......... “Ma” = 3Na20-3Al.03-18S8i02:2NaCl 
Nephelite.........| NasO-Al.03-28i02 | 
Wernerite......... Me,Ma, + | 
Beryl < isssadeends 3BeO-Al.03-68i02.. 
Torbernite........ CuO-2U0;-P.0;-8H.0 . 
Meionite....... er “Me” = 4Ca0-3Al1.03-68i02 
Melilite........... Contains Na.O, CaO, Al.O3, SiOz, etc. 
Apatite...........| 9CaO-3P.0;-Ca(F, Cl). : 
Calcite....5...... Ca0-CO, 
Gehlenite.........| 2CaQ-Al,03-SiO-2 
Tourmaline....... Contains Na.O, FeO, Al2O3, B2Os, | 
| . SiOz, etc. | , 
Dolomite......... CaO-MgO-2CO, 
Magnesite........ Mg0O-CO, 
Pyrochroite.......| MnO-H,O 
Corundum........| Al.O3 
Smithsonite.......| ZnO-CO, 
Rhodochrosite..... | MnO-CO, 
Jarosite LEI OS eee ee K.0-3Fe.03 ‘ASO; ‘6H 20 
Siderite...........}| FeO-CO, 
Pyromorphite.....| 9PbO-3P.0;-PbCl, 
Barysilite......... 3PbO-28i02 
Mimetite......... 9PbO-3As.0;-PbCl, 
Matlockite........ PbO-PbCl, 
Stolzite...........| PhO-WO; 
Geikielite......... (Mg, Fe)O-TiO, 
Vanadinite........ 9PbO-3V.0;-PbCl, 
Wulfenite...... '.,.| PbhO-MoO; 
Octahedrite.......| TiO. 
Massicotite....... PbO 
Proustite......... 3Ag2S-As283 
Pryargyrite....... 3Ag.S-Sb.8; 
Hematite.........| Fe:Os 


Ordinary 


ll ell ell el el ol eo 


Ww OD DH bk DN Bb DD bd DO DD DD DD be oe eet pet et 


Index of refraction 


ray 


349 


.481 
.507 
.512 

. 024 

. 532 
.537 
.939 
.539 

. 542 
.578 
.O81 + 
.592 
.597 

. 634. 

. 634 
.658 

. 669 

. 669 + 


.681 
. 700 


723 


. 768 
.818 
.818 
. 820 


875 


.050 
.070 
.135 


150 


269 


310 
354 


.402 
. 904 
. 665 


979 


. 084 
.220 - 


Extraordinary 


frock eh rm ook fm fmf fame fom oh fh fhm fh fh fark fom fk fd 


bt ddd dh DD & DO DD DD DD DD fe oe ot oes oe et es et 


ray 


342 — 
.461 
.468 
.498 
496 
529 
533 
511 
537 — 
.538 
.551 
575+ 
582 
.560 
.629 
.631 
.486 
.658 
.638 + 


.500 | 
. 509 
.681 
. 760 
.618 
.595 
715 
.635 
.042 
.050 
.118 
.040 
. 182 


950 


299 
.304 (Li line) 
493 

535 (Li line) 
.711 (Liline) 
.881 (Li line) 
940 (Li line) 


* “Smithsonian Physical Tables,” 1954, Table 546. Selected by Edgar T. Wherry from a private 


compilation of Esper S. Larsen, of the U.S. Geological Survey. 
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TasBLe 6b-2, INDEx oF REFRACTION OF SELECTED BraxIaAL Min®raxs* 


| | Index of refraction 
Mineral _ Formula 
ny 


Nea | nB 


Biaxial Positive Minerals. 


Stercorite........ 


NaQ.- (NH,)20- -P.O;- 9H20 
Aluminite. ePeatet ates Al2O3: SO3- 9H.O | 
Tridymite.......| SiO¢ 
Thenardite...... Na.O ‘SO 3 
Carnallite....... KCl-MgCl.-6H2O 
Alunogen:.......| AleO3-3803:16H20 © 
Melanterite...... FeO-SO3-7H20 : 
Natrolite........ Na.O-Al.03: 38102: 2H20 an 
Arcanite......... K,0-803 
Struvite. . sees (NH,) 20- 2Mg0O-P.0;-:12H.20 
Heulandite...; . .| CaO-Al,03-68i02-3H2O 
Thomsonite. ....| (Nae, Ca)O-Al203-28i02-3H20° 
Harmotome..:..| (Kz, Ba)O-Al,03-58i02- 5H:0° 
Petalite:..: 5 Ja Li,Q- Al.O3- 8S10. oP 
Monetite.’: _.| 2Ca0-P.0;-H20 
Newberyite. aes 2MgO-P:0;:7H20 
Gypsum......... Ca0-SO;-2H:20 
Mascagnite.:.... (NH,)20-SO3 
Albite...........| “Ab” = Na,O-AlzO:-68i02 | 
Hydromagnesite. .| 4MgO- -3C02-4H2O 
Wavellite. . nae galbade 3A1,03-2P205-12(H.0, 2HF) 
Kieserite........| MgO-SO3-H20 a. 
Copiapite. ee 2Fe,.03-5803-18H20 pias 
Variscite. . -......{ Al,O3-P205-4H20 
Labradorite...... “Ab pes 
Wagnerite. 2 sie 3Me0- -P.0;-MgF 2 
Anhydrite. . .| CaO-SO; 
Colemanite.. _....|2Ca0-3B,035H20 
Fremontite......| Na2O-Al,03-P205-(H:0, 2HF) 
Vivianite. . pire 3FeQ- P.O;- 8H2O 
Pectolite....°....| Naz0-4Ca0-68i02-H20 
Calamine........ 2Z7n0- SiO.-H2O 
Chondrodite..... ‘4MgO- ‘SiO.;-Mg(F, OH). 
Turquoise....... Cu0-3Al,03-2P205-9H20 
Topaz........... 2AI]OF-Si0, 
Celestite........| SrO-SOs 
Prehnite. yee 2Ca0-Al.02:38i02-H2O 
Barite....... ~...| BaO-SO3 
Anthophyllite. . seas : Mgo- ‘Si02 
Sillimanite....... ' Al2O3-SiOe 
Forsterite.......- 2Mg0O-Si0z 
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TaBLe 6b-2. InpEx or REFRACTION oF SELECTED BraxraL- 
MINERALS* (Continued) 


Index of refraction 


Mineral Formula 


Biaxial Positive Minerals 


. wf , 


Enstatite........ MgOSi0, 1. 1.653 | 1.658 
Euclase......... ‘2BeO-Al,03-2Si0.-H.O' °° an 1.656 | 1.673 
Triplite......... ‘3Mn0O-P.0;-MnF, ee 1.6 ‘1.660 | 1.672 - 
Spodumene,.... .| LizO-Als03-48i02 1. 1.666 | 1.676 
Diopside......../ CaO-MgO-2S8i0, 1. 1.671 | 1.694 
Olivine....... ...| 2(Mg, Fe)O-SiO, 1. | 1.680 | 1.699 
Triphylite.......| Li,O-2(Fe, Mn)O-P.0; 1. 1.688 | 1.692 
Zoisite..... .....| 4Ca0-8A1,03-68i02-H,O 1. 1.702 |} 1.706: 
Strengite........| FesO3-P,0,;-4H.O L. 1.708 | 1.7465 
Diaspore........| AleO3-H2O 1. 1.722 | 1.750 
Staurolite....... 2Fe0-5A1,0;-48i02-H.O 1. 1.741 | 1.746 
Chrysobery] .| BeO-Al.O3 1. 1.748 | 1.757 
Azurite.......... 3Cu0-2CO,-H:0 11. 1.758 | 1.838 
Scorodite fae eS Fe.0;3-As.0;-4H.O 1. 1. 774 1 797 
Olivenite........ 4Cu0-As.0;-H.O A. 1.810 | 1.863 
Anglesite........| PbO-SO, 3 1: 1.882 | 1.894 
Titanite.........| CaO-TiO.-SiO. ie 1.907 | 2.034 
Claudetite....... As.03 1.871 | 1.920 | 2.010 
Sulfur.......... 18 abe | 2.043 | 2.240 — 
Cotunnite.......| PbCl, 2. 2.217 | 2.260. 
Huebnerite......| MnO-WO,; © 2: 2.220 | 2.320 
Manganite...... ~Mn.03-H.0 2. ‘2.240 | 2.530 (Li) 
Raspite......... PbO-WO; — 23 2.270 | 2.300 
Mendipite.......| 2PbO-PbCl, 2.240 | 2.270 | 2:310 
Tantalite........ (Fe, Mn)O-Ta.0O; 2. 2.320 | 2.430 (Li) 
Wolframite...... (Fe, Mn)O-WO, 26 2.360 | 2.460 (Li) 
Crocoite..... ....{| PbO-CrO; 2: | 2.370 | 2.660 (Li) 
Pseudobrookite . .| 2Fe.0;-3TiO. 2. 2.390 | 2.420 (Li) 
Stibiotantalite. ..| Sb.O;-Ta.0; 2. 2.404 | 2.457 
Montroydite.....| HgO aa 2. ‘| 2.500 | 2.650 (Li) 
Brookite........ TiO, oe : 2.583 | 2.586 | 2.741 | 
Massicot........ 2 


~PbO- 2.510 | 2.610 | 2.710 
‘ eS Biaxial Negative Minerals | 


Mirabilite....... Na.O-80;-10H,O 1.398 
Thomsenolite. ...| NaF-CaF,-AlF;-H,O 1.415 
Natron....... ++} Na:0-COs-10H;0 | 1.440 
Kalinite.........} K,0-Al:02-4803-24H,0 __ 1.458 
Epsomite...... .-| MgO-80;-7H,O 1.461 
Sassolite.........} BsO3-H2O 1 

Lb: 


Borax........ ane Na.0-2B.,0;-10H.O 
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TABLE 6b-2. INDEX OF REFRACTION OF SELECTED BIAXIAL 
MINERALS* (Continued) 


eect en ff TE SS SS SCS TS rE ee 


Index of refraction 


Mineral Formula 
Ne | ng Ny 
Biaxial Negative Minerais 

Goslarite........ ZnO0-SO3:7H20 1.480 | 1.484 
Pickeringite..... MgO-Al,03-4S03-22H20 1.480 | 1.483 
Bloedite......... NasQ:-MgO-2S0;-4H2O 1.487 | 1.486 
Trona........ ...| 8Na20-4CO02-5H2O 1.492 | 1.542 
Thermonatrite: . .| NazO0-CO,-H2O 1.495 | 1.518 
Stilbite.......... (Ca, Na2)O-Al,03-68i02-5H20 | 1.498 | 1.500 
Niter...........| K2O-N.0; 1.505 | 1.506 . 
Kainite SS cprediie ee Soett MgO-SO;-KCI-3H2O 1.505 ] 516 
Gaylussite.......| Na2zO0-CaO-2CO.-5H.O 1.516 | 1.523 
Scolecite........| CaQ-Al,03:38i02:3H2O 1.519 | 1.519 
Orthoclase.......| K2O-Al,03-68i02 1.524 | 1.526 
Microcline.......| Same as preceding 1.526 | 1.530 
Anorthoclase. ., .| (Na, K)20-Al203-68i02 1.529 | 1.531 
Glauberite....... Na2O-Ca0-2803 1.532 | 1.536 
Cordierite....... 4(Mg, Fe)O-4A1,03-10Si02-H2O 1.538 | 1.540 
Chalcanthite. ...| CuO-SO;-5H.0 1.539 | 1.546 
Oligoclase.......| Ab,sAn 1.543 | 1.547 
Beryllonite...... Na.O-2BeO-P.0; 1.558 | 1.561 
Kaolinite gh! wee ee Al,O3-2Si02-2H.O : 563 1.565 
Biotite.......... K,0-4(Mg, Fe)O-2A1.03-68i102-H20 1.574 | 1.574 
Autunite........ Ca0-2U0;-P2.0;-8H.O : 1.575 | 1.577 
Anorthite be eee leks, Sea Je “An a = CaO-Al.0;3-28i102 1.584 1.588 
Lanthanite...... La2,03-3C02-9H20 1.587 | 1.613 
Pyrophyllite..... Al,03-48i02-H20 1.588 | 1.600 
Tal Oars was ..13Mg0-4810.-H2O 1.589 | 1.589 
Hopeite.........| 3ZnO-P,05;-4H20 1.590 | 1.590 
Muscovite....... K,0-Al,03-68i02-2H20 1.590 | 1.594 
Amblygonite... .| Al,O3-P,05-2LiF 1.593 | 1.597 
Lepidolite....... Al,03-38i02-2(K, Li) F 1.598 | 1.605 
Phlogopite...... K.0-6Mg0O-Al.03-68i02:2H2O 1.606 | 1.606 
Tremolite....... Ca0-:3Mg0-48102 1.616 | 1.627 
Actinolite....... Ca0-3(Mg, Fe)O-4S8i02 1.630 | 1.641 
Wollastonite..... Ca0-Si02 1.632 | 1.634 
Lazulite......... (Fe, Mg)O-Al,03-P.0;-H20 1.634 | 1.643 
Danburite....... Ca0-B203-28i102 1.634 | 1.636 
Glaucophane. .. .| Na2O-2FeO-Al203-6S8i02 1.638 | 1.638 
Andalusite...... Al.O3:Si02 a 1.638 | 1.643 
Hornblende......| Contains Na,O, MgO, FeO, SiOz, etc. 1.647 | 1.652 
Datolite......... 2Ca0-28i0.-B203-H20 1.653 | 1.669 
Erythrite...... . .| 3CoQ:As,0;-8H20 1.661 | 1.699 
Monticellite..... CaO-MgO-SiO, 1.662 | 1.668 
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TABLE 6b-2. INDEX OF REFRACTION oF SELECTED BIAXIAL 
' MINERALS* (Continued) | 


Index of refraction 
Mineral Formula : 
| i, 


Biaxial negative minerals 


Strontianite..... SrO-CO,z 1.520 | 1. 1. 
Witherite........ BaO-CO, | 1.529 | 1. 1.677 
Aragonite....... CaO-CQO, 7 1.531 | 1. 1.686 
Axinite.......... 6(Ca, Mn)O-2A1,03-B203-88i0.-H.O | 1.678 | 1. 1.688 
Dumortierite....| 8Al,03-B203-68i02-H2O 1.678 | 1. 1.689. 
Cyanite.........| Al,O3-SiO. 1.712 | 1. 1.728. 
Epidote.........| 4CaQ-3(Al, Fe)203-68i02-H2O 1.729 | 1. 1.780 
Atacamite.. ....| 3CuO-CuCl,-3H.0 1.831 | 1. 1.880 
Fayalite......... 2FeO-Si02 | 1.824 | 1. 1.874 
Caledonite....... 2(Pb, Cu)O-SO3-H20 1.818 | 1. 1.909 
Malachite....... 2CuO0-CO,-H,0 1.655 | 1. 1.909 
Lanarkite........ 2PbO-SO; 1.930 | 1. | 2.020 
Leadhillite....... 4PbO-SO;:2CO2-H20 1.870 | 2. 2.010 
Cerusite.........| PhO-COz. 1.804 | 2. 2.078 
Laurionite....... PbCl,-PbO-H.O 2.077 | 2. 2.158 . 
Matlockite...... PbO-PbCl, 2.040 | 2. 2.150 
Baddeleyite..... ZrO. 2.130 | 2. 2.200 
Lepidocrocite... .}| Fe203-H2O0 1.930 | 2. 2.510 
Limonite........ 2Fe.03-3H.0 in part 2.170 | 2. 2.310 
Goethite........ Fe,03-H2O0 2.210 | 2. ‘2.350 (Li) 
Valentinite...... Sb.03 2.180 | 2. 2.350 
Turgite......... 2Fe.03-H.O in part 2.450 | 2. 2.550 (Li) 
Realgar..... ....[AsS 2.460 | 2. 2.610 (Li) 
Terlinguaite..... Hg.OCl 2.350 | 2. 2.660 (Li) 
Hutchinsonite. ..| (Tl, Ag)2S-PbS-2As.83 3.078 | 3. 3.188 
Stibnite.........| Sb.S8s; 3.194 | 4. 4.460 


* ‘Smithsonian Physical Tables,’’ 1954, Table 548. The values are arranged in the order of increas- 
ing 8 index of refraction and are for the sodium D line except where noted. Selected by Edgar T. 
Wherry from private compilation of Esper S. Larsen, of the U.S. Geological Survey. 
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TABLE 6b-3. INDEx or ReErFrRaction oF Some Liquips RELATIVE To AIR* 


Indices of refraction 


Substance Density Bong aa eae | 
0.397n | 0.434n | 0.486u | 0.589n | 0.656y 
H F D C 
Acetaldehyde, CH;:CHO......... 0.780 90 Ak ahelen 1. 1.3359! 1.3316} 1.3298 
Acetone, CHsCOCH3;,.......... 0.791 90“ savages e 1.3639] 1.3593] 1.3573 
Aniline, CeHs:NH2.............- 1.022 90 9b ven ews 1. 1.6041} 1.5863] 1.5793 
Alcohol, methyl, CH:OH........ 0.794 20 1.3399 | 1. - 1.3331] 1.3290| 1.8277 
Alcohol, ethyl, C2Hs‘OH........ .| 0.808 O.  iasdiar 1. 1.3739| 1.3695) 1.3677 
Alcohol, ethyl............ ...e.-{ 0.800 | . 20 res ee 1.3666] 1.3618) 1.3605 
Alcohol, ethyl, dn/dt.......... re eae 20 cisaee SO: — 0.0004] — 0.0004) — 0.0004 
Alcohol, n-propyl, CsHrOH..... 0.804 | 20 |...... hed 1.3901] 1.3854) 1.3834 
_ Benzene, CoHe.............0065 0.880 | 20 |...... 1 1.5132} 1.5012! 1.4965 
Benzene, CeHe dn/dt........ ere ae eee 205° esate —0. — 0.0006} — 0.0006] — 0.0006 
Bromnaphthalene, CioH7Br...... 1.487 20 1.7289 | 1 1.6819} 1.6582) 1.6495 
Carbon disulfide, CSe........... 1.293 0 1.7175 | 1 1.6688] 1.6433] 1.6336 
Carbon disulfide.............55- 1.263 20 1.6994 | 1 1.6528} 1.6276] 1.6182 
Carbon tetrachloride, CCh ey 1.591 20 Pecan te 1 1.4676) 1.4607] 1.4579 
Chinolin, CoH7N.:............. 1.090 20 |...... es | 1.6470] 1.6245) 1.6161 
Chloral, CCls;CHO........... ..| 1.512 20 | ...... bt, 1.4624] 1.4557] 1.4530 
Chloroform, CHCls............. 1.489 20 1.463 1 1.4530] 1.4467] 1.4443 
Decane, CioHe2.............0665 0.728 14.9 | ...... 1 1.4160} 1.4108] 1.4088 
Ether, ethyl, CsHs-O-CsHs....... 0.715 200} vias 1 1.3576] 1.3538] 1.3515 
Ether, ethyl, dn jdt. . as aels tedeas 20° | eetasn —0. — 0.0006] —0.0006| — 0.0006 
Ethyl: nitrate, C:Hs: O: NOs. -eeece{ 1.109 20. ceased 1 1:392 | 1.3853} 1.3830 
Formic acid, H-COeH........... 1.219 200 ean a 1 1.3764; 1.3714] 1.3693 
Glycerine, CsHsOs....... tire seas 1.260 | 20 |...... 1 1.4784| 1.4730} 1.4706 
Hexane, CH:(CH2)4CHs......... 0.660 7) a ena ae 1 1.3799| 1.3754] 1.3734 
Hexylene, CH;3(CH2)sCH-CHe...| 0.679 O3°3. bideed td 1.4007| 1.3945] - 1.3920 
Methylene iodide; CHole........ 3.318 20 1.8027 |........ 1.7692} 1.7417] 1.7320 
Methylene iodide dn/dt........ sh, siete BO! Hilwktteotes earenecitas — 0.0007} —0.0007| — 0.0006 
Naphthalene, CioHs............. 0.962 | 98.49 1 vives [evewuees 1.6031} 1.5823| 1.5746 
Nicotine; CioHi4Ne....... wees ee, 1.012 DOU AS + | atiace oa 1.5489)...... ..] 1.5239] 1.5198 
Octane; CHs(CH2)sCH: Sia hak maid 0.707 5e2 ci eaehax 1. 1.4046] 1.4007} 1.3987 
Oil: . 
Almond............0seceeeee 0.92 1) Pee eee 1.4847] 1.4782] 1.4755 
Anise seed.................-- 0.99 15.1 | 1.6084'|........ 1.5743] 1.5572| 1.5508 
ANI8@ 25.53 deh aeaGsais eae ue 0.99 3 lee: SM A Ons 2 ee 1.5647] 1.5475} 1.5410 
Bitter almond................ 1.06 20°) GE Seok ks 1 1.56238) e soe Sh 4s 1.5391 
CABS IO elec eeis aaa babel) Maes 10 1.7089} oo oceiw, 1.6389] 1.6104! 1.6007 
CASSIA 5 Seles enc iaivinde at eel bas 22.5 | 1.6985 |........ 1.6314] 1.6026] 1.5930 
Cinnamon..................- 1.05 23.5 eee ae Po are: 1.6508! 1.6188} 1.6077 
Oliv @iscrguas it betetns baw 0.92 Oo.” S Sac sant a, Mesnard ts 1.4825] 1.4763} 1.4738 
ROC se iaawie cece eaten, Gkaee On, sree esata fas 1.4644] 1.4573) 1.4545 
Turpentine................-. 0.87 10.6 | 1.4939 |........ 1.4817] 1.4744] 1.4715 
Turpentine................-. 0.87 20.7 | 1.4913 |........ 1.4793] 1.4721] 1.4692 
Pentane, CH:(CH2):sCH3........ 0.625 1 Ser ae en ea 1. 1.3610] 1.3581! 1.3570 
Phenol, CeHsOH............... 1.060 | 40.6 | ...... 1. 1.5558} 1.5425} 1.5369 
PHONG! s2aqad coo wacuahy sees: 1.021 B27 yee elisa tes 1.5356)........ 1.5174 
Styrene, CcHsCH:CH2.......... 0.910 16.6 | ...... 1. 1.5659] 1.5485] 1,5419 
Thymol, CioHuO............ ..| 0.982 Debden, i, eecces i ot | acne ate 1.5386]........ 1.5228 
Toluene, CHsCeHs............. 0.86 20 |...... 1 1.5070) 1.4955} 1.4911 
Water, Bi0 2 csna ck sing enor. = ees 20 1.38485 | 1 1.3372] 1.3330] 1.3312 
Water ysb he oa ete le keee eres 1) 1.3444] 1 1.3380] 1.3338! 1.3319 
Walberse ies cca eet iecel | Lashes 40 1.3411 | 1 1.3349} 1.3307] 1.3290 
Water ress n eee tea) aise 80 1.3332] 1 1.3270] 1.3230] 1.3313 


* “Smithsonian Physical Tables,’’ 1954, Table 551. 
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TABLE 6b-4. INDEx or REFRACTION OF Puastics* 
Optical Plastics | 


Optical proper- Optical proper- 
ties of polymer ties of polymer 
Name of monomer Recip- Name of monomer Recip- 
a rocal praieg rocal 
index cape index a ad 
(N20) sive (N20) sive 
power power 
p-Methoxy styrene...................... 1.5967 | 28 Allyl methacrylate................0...... 1.5196 | 49.0 
B-Amino-ethy] methacrylate.............. 1.537 | 52.5 |Benzhydryl methacrylate................ 1.5933 | 31.0 
Methyl a-bromoacrylate........... sg A 1.5672 | 46.5 |Benzyl methacrylate.................... 1.5680 | 36.5 
Vinyl benzoate... ...........0... 0.2 cee 1.5775 | 30.7 |n-Butyl methacrylate.................... 1.483 | 49 
Phenyl vinyl ketone..................... 1.586 | 26.0 |Tert-butyl methacrylate................. 1.4638 | 51 
Vinyl carbazole.....................006- 1.683 | 18.8 lo-Chlorobenzhydryl methacrylate......... 1.6040 | 30 
Lead methacrylate...................... 1.645 | 28  |la-(o-Chlorophenyl)-ethyl methacrylate. ...] 1.5624 | 37.5 
2-Chlorocyclohexyl methacrylate.......... 1.5179 | 56 =}Cyclohexyl-cyclohexyl methacrylate....... 1.5250 | 53 
1-Phenyl-cyclohexyl methacrylate......... 1.5645 | 40 |l\Cyclohexyl methacrylate................. 1.5064 | 56.9 
Triethoxy-silicol methacrylate............ 1.436 | 53  {/p-Cyclohexyl-pheny] methacrylate. ....... 1.5575 | 39.0 
p-Bromopheny! methacrylate............. 1.5964 | 33 = |ia-8-Diphenyl-ethyl methacrylate......... 1.5816 | 30.5 
2-3 Dibromopropyl methacrylate..........] 1.5739 | 44 |Menthyl methacrylate................... 1.4890 | 54.5 
Diethyl-amino-ethy] methacrylate......... 1.5174 | 54 ~=|/Ethylene dimethacrylate................. 1.5063 | 53.4 
1-Methyl-cyclohexyl methacrylate......... 1.5111 | 54 |Hexamethylene glycol dimethacrylate. .... 1.5066 | 56 
n-Hexyl methacrylate................... 1.4813 | 57. |\Methacrylic anhydride................... 1.5228 | 48.5 
2-6-Dichlorostyrene..............00.000. 1.6248 | 31.3 |Methyl methacrylate.................... 1.4913 | 57.8 
8-Bromo-ethyl methacrylate. ...... rere 1.5426 | 40‘ im-Nitro-benzyl methacrylate............. 1.5845 | 27.4 
w-Polychloroprene...:........... weeeeee-| 1.5540 | 36 = 2-Nitro-2-methyl-propyl methacrylate... . . 1.4868 | 48 
Methyl a-chloracrylate.................. 1.5172 | 57‘ fa-Phenyl-ally] methacrylate........... ...}| 1.5573 | 34.8 
B-Naphthyl methacrylate................ 1.6298 | 24 jla-Phenyl-n-amyl methacrylate............ 1.5396 | 40 
Vinyl pheny] sulfide..................... 1.6568 | 27.5 |a-Phenyl-ethyl methacrylate............. 1.5487 | 37.5 
Methacryl methyl salicylate.............. 1.5707 | 34 |6-Phenyl-ethy] methacrylate............. | 1.5592 | 36.5 
Methyl isopropenyl ketone............... 1.5200 | 54.5 |Tetrahydrofurfuryl methacrylate.......... 1.5096 | 54 
Ethylene glycol mono-methacrylate....... 1.5119 | 56 {Vinyl methacrylate...................... 1.5129 | 46 
N-Benzyl methacrylamide................ 1.5965 | 34.5 |Styrene............... 0.00. ce eee eee 1.5907 | 30.8 
8-Phenyl-sulfone ethyl methacrylate. ...... 1.5682 | 39 Vinyl formate........................0. 1.4757 | 55 
N-Methy]! methacrylamide....... eee 1.5398 | 47.5 [Phenyl cellosolve methacrylate........... 1.5624 | 36.2 
N-Allyl methacrylamide................. 1.5476 | 47 —ip-Methoxy-benzyl methacrylate .......... 1.552 | 32.5 
Methaeryl-phenyl salicylate.............. 1.6006 | 36 {Ethylene chlorohydrin methacrylate. ...... 1.517 | 54 
N-B-Methoxyethyl methacrylamide....... 1.5246 | 53 —‘fo-Chlorostyrene.....................200% 1.6098 | 31 
N-8-Phenylethy! methacrylamide......... 1.5857 | 37.‘ |/Pentachloropheny!] methacrylate.......... 1.608 | 22.5 
Cyclohexyl a-ethoxyacrylate...... Ae a atee 1.4969 | 58 Phenyl methacrylate.................... 1.5706 | 35.0 
1-3-Dichloropropy!-2-methacrylate........ 1.5270 | 56 =‘ Vinyl naphthalene....................... 1.6818 | 20.9 
2-Methyl-cyclohexyl methacrylate......... 1.5028 | 53 Me thiophene...................0.000- 1.6376 | 29 
3-Methyl-cyclohexyl methacrylate......... 1.4947 | 55 |Eugenol methacrylate................... 1.5714 | 33 
3-3-5-Trimethyl-cyclohexyl methacrylate. .| 1.485 | 54 m-Cresyl methacrylate................... 1.5683 | 36.8 
N-Vinyl phthalimide.................... 1.6200 | 24.1 |lo-Methyl-p-methoxy styrene.............. 1.5868 | 30.3 
Fluorenyl methacrylate.................. 1.6319 | 23.1 flo-Methoxy styrene...................... 1.5932 | 29.7 
a-Naphthyl-carbinyl methacrylate........ 1.63 25 ~=jjo-Methyl styrene........................ 1.5874 | 32 
p-p*-Xylylenyl dimethacrylate............ 1.5559 | 37 || Ethyl sulfide dimethacrylate.............. 1.547 | 44 
Cyclohexanediol-1-4 dimethacrylate....... 1.5067 | 54.3 |IAllyl cinnamate......................... 1.57 30 
Ethylidene dimethacrylate............... 1.4831 | 52.9 |Diacetin methacrylate................... 1.4855 | 50 
p-Divinyl] benzene....................... 1.6150 | 28.1 Ethylene glycol benzoate methacrylate. ...| 1.555 | 36.8 
Decamethylene glycol dimethacrylate..... | 1.4990 | 56.3 |/Ethyl glycolate methacrylate............. 1.4903 | 55 
Vinyl cyclohexene dioxide................ 1.5303 | 56.4 |/p-Isopropyl styrene..................... 1.554 | 35 
Methyl a-methylene butyrolactone........ 1.5118 | 53.9 |Bornyl methacrylate.................... 1.5059 | 54.6 
a-Methylene butyrolactone.............. 1.5412 | 56.4 |Triethyl carbinyl methacrylate........... 1.4889 | 57 
4-Dioxolylmethy! methacrylate........... 1.5084 | 59.7 |/Butyl mercaptyl methacrylate............ 1.5390 | 41.8 
Methylene-a-valerolactone............... 1.5431 | 47.8 lo-Chlorobenzyl methacrylate............. 1.5823 | 37 
o-Methoxy-pheny! methacrylate........... 1.5705 | 33.4 lla-Methallyl methacrylate................ 1.4917 | 49 
Isopropyl! methacrylate.................. 1.4728 | 57.9 ||8-Methallyl methacrylate................| 1.5110 | 47 
Trifluoroisopropyl methacrylate........... 1.4177 | 65.3 a-Naphthyl methacrylate................ 1.6411 | 20.5 
8-Ethoxy-ethy] methacrylate............. 1.4833 | 32.0 Ethyl] acrylate......................000 1.4685 | 58 
Name of polymer Cinnamyl methacrylate.................. 1.5951 | 26.5 
Condensation resin from di- (p-aminocyclo- iMethyl acrylate..............0......00. 1.4793 | 59 
hexyl) methane and sebacic acid........ 1.5199 | 52.0 !Terpineyl methacrylate.................. 1.514 | 50 


Columbia resin 39....................... 1.5001 | 58.8 }Furfuryl methacrylate.................. 1.5881 | 39.2 


* H.C. Raine, Plastic Glasses, Proc. London Conf. Opt. Instruments 1950, 243. 
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TaBLE 6b-4. INpDEx oF ReErractTIoN or Puastics* (Continued) 


Polystyrene 


Refractive index at 
Spectral line | Wavelength, A 


15°C 35°C 55°C 
7,679 1.581? 1.5785 1.5758 
C 6,563 1.5879 1.5843 1.5816 
Dy 5 , 896 1.5923 1.5897 1.5869 
F 4,861 1.6062 1.6034 1.6008 
g 4,358 1.6176 1.6148 1.6129 


Polycyclohexyl Methacrylate 


Refractive index at 


Spectral line | Wavelength, A 


55°C 
A 7,679 1.4964 
6: 6,563 1.4992 
Di 5 , 896 1.5018 
F 4,861 1.508! 
g 4,358 


Polymethyl Methacrylate 


Spectral line | Wavelength, A Refractive index 


at 20°C 
C 6, 563 1.489° 
D 5 , 896 | 1.4913 
e€ 5,461 1.493? 
F 4,861 1.4975 
g 4,358 1.5019 
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TABLE 6b-5. INDEx oF REFRACTION OF GASES AND VAPORS* 


fone eel See eee Seeeeeeeened | ee) (Oe, es eS (ene 


Wave- 
length 

. Air 
0.4861 0.2951 
0.5461 0.2936 
0.5790 0.2930 
0.6563 0.2919 


(n — 1)108 

O N H 
0.2734 | 0.3012 | 0.1406 
0.2717 | 0.2998 | 0.1397 
0.2710 | ...... 0.1393 
0.2698 | 0.2982 | 0.1387 


The values are for 0°C and 760 mm Hg. 


Substance 


Carbon dioxide...... 
Carbon dioxide...... 
Carbon disulfide..... 


Carbon monoxide.... 


Chlorine............ 
Chlorine............ 


Cyanogen........... 
Cyanogen........... 


Hydrochloric acid. . 


Kind 
of light 


Indices of 
refraction 


Wave- 
length 
- Air 

0.4360 0.2971 
0.5462 0.2937 
0.6709 0.2918 
6.709 0.2881 
8.678 0.2888 


_ Substance 


(n — 1)103 

O N H 
0.2743 CO2 0.1418 
0.2704 | 0.4506 | 0.1397 
0.2683 | 0.4471 | 0.1385 
0.2643 | 0.4804 | 0.1361 
0.2650 | 0.4579 | 0.1361 


| Rf a ff 


001823 


000454 


001485 


.001079-—1 .001100] Hydrogen........... 
.000381—1 . 000385 
.000373-1 .000379 
.000281 
.001700-1. 
.001132 
.000449-1. 
.000448-1. 
.001500 
.001478-1. 
. 000340 
.0003835 
.000772 
.000773 
.001436-1. 
. 000834 
.000784-1. 
.000871-1. 
.001521-1. 
. 000036 
.000449 
.000447 


Hydrogen........... 
Hydrogen sulfide... 


000450} Methyl alcohol...... 


Methyl ether........ 
Nitric oxide......... 
Nitric oxide......... 
Nitrogen. le Na wie aves Sd Nas 


Nitrogen............ 
Nitrous oxide....... 


Kind Indices of 
of light refraction 

White |1.000138—1 .000143 
D 1.000132 
D 1.000644 
D 1.000623 

White |1.000443 
D 1.000444 
D 1.000549-1 . 000623 
D 1.000891 

White |1.000303 
D 1.000297 

White |1.000295—1 . 000300 
D 1.000296—1 . 000298 

White |1.000503-1 . 000507 
D 1.000516 

White |1.000272-1.000280 
D 1.00027 1—1 .000272 
D 1.001711 

White’ |1.000665 
D 1.000686 

White |1.000261 
D 1.000249-1 .000259 


* “Smithsonian Physical Tables,’’ 1954, Table 554. A formula was given by Biot and Arago express- 


ing the dependence of the index of refraction of a gas on pressure and temperature. 


experiments confirm their conclusions. 


The formula is n: — 1 = 


no—l 


More recent 
Pp 


————— ——, where n;: is the index of 
1 + at 760 


refraction for temperature ¢, no for temperature zero, a the coefficient of expansion of the gas with 
temperature, and p the pressure of the gas in millimeters of mercury. 
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TABLE 6b-6. INDEX OF REFRACTION FOR SOLUTIONS OF SALTS 
AND Acips RELATIVE TO AIR* 


ene sr menue er fs iS Se 


Indices of refraction for spectrum lines 


Substance Density se Ss 
C | D | F | Hy H 
Solutions in Water 
Ammonium chloride.........-.. 1.067 | 27.05 | 1.37703 | 1.37936 | 1.38473] ....... 1.39336 
Ammonium chloride............ 0.025 29.75 |0.34850 | 0.35050 | 0.35515] ....... 0.36243 
Calcium chloride............... 0.398 25.65 |0.44000 | 0.44279 | 0.44938 ....... 0.46001 
Calcium chloride..............-. 0.215 | 22.9 |0.39411|0.39652/0.40206/....... 0.41078 
Calcium chloride............... 0.143 25.8 0.37152 | 0.37369 | 0.37876|....... 0.38666 
Hydrochloric acid.............. 1.166 20.75 |1.40817 | 1.41109 | 1.41774] ....... 1.42816 
Nitric acid.........0...0220000005 0.359 18.75 |0.39893 | 0.40181 |0.40857 | ....... 0.41961 
Potash (caustic)......... 0.416 11.0 0.40052 | 0.40281 | 0.40808] ....... 0.41637 
Potassium chloride....... Normal solution | 0.34087 | 0.34278 | 0.34719 | 1.35049 
Potassium chloride....... Double normal | 0.34982 | 0.35179 | 0.35645 | 0.35994 
Potassium chloride........ Triple normal 0.35831 | 0.36029 | 0.36512 | 0.36890 
Soda (caustic)................-.- 1.376 21.6 1.41071 | 1.41334 | 1.41936) ....... 1.42872 
Sodium chloride................ 0.189 18.07 |0.37562 |.0.37789 | 0.38322 | 1.38746 
Sodium chloride................ 0.109 18.07 | 0.35751. | 0.35959 | 0.36442 | 0.36823 
Sodium chloride................ 0.035 18.07 | 0.34000 | 0.34191 | 0.34628 | 0.34969 
Sodium nitrate................-. 1.358 22.8 1.38283 | 1.38535 | 1.39134]....... 1.40121 
Sulfurie acid.................-. 0.811 18.3 0.43444 | 0.48669 | 0.44168] ....... 0.44883 
Sulfuric acid................... 0.632 18.3 0.42227 | 0.42466 | 0.42967) ....... 0.43694 
Sulfuric acid................... 0.221 18.3 0.36793 | 0.37009 | 0.37468 |....... 0.38158 
Sulfurie acid................... 0.028 18.3 0.33663 | 0.33862 | 0.34285] ....... 0.34938 
Zinc chloride...................{ 1.859 26.6 1.39977 | 1.40222 |1.40797/....... 1.41738 
Zine chloride.................-- 0.209 26.4 0.37292 | 0.37515 | 0.38026|....... 0.38845 


i 


Solutions in Ethyl Alcohol 


I 


95,5 | 1.35971 | 1.35971 | 1.36395 


Ethyl alcohol.................. 0.789 | 25.5 |1.35971|1.35971 |1.36395/....... 1.37094 
Ethyl aleohol.................. 0.932 27 .6 0.35372 | 0.85556 | 0.35986 |....... 0.36662 
Fuchsin (nearly saturated).......] ..... 16.0 0.3918 | 0.398 0236). Ween our 0.3759 
Cyanin (saturated)...........-6) seeee 16.0 0.38381 |.......|0.3705 |....... 0.3821 


0.3705 


Note: Cyanin in chloroform also acts anomalously; for example, Sieben gives for a 4.5% solution 
wa = 1.4593, we = 1.4695, ur (green) = 1.4514, ug (blue) = 1.4554. For a 9.9% solution he gives 
BA 1.4902, pr (green) = 1.4497, ue (blue) = 1.4597. 


Solutions of Potassium Permanganate in Water 


ac a ae pe 


Wave- | Spec- | Index | Index | Index | Index | Wave- | Spec- | Index Index | Index | Index 
length, | trum | for 1% |for 2% | for 3% | for 4% length, | trum | for 1% | for 2% | for 3% | for 4% 
rT} line sol sol sol sol bb line sol sol sol sol 

0.687 B 1.3328 |1.3342)...... 1.3382 | 0.516 11.3368 | 1.3385 

0.656 C 10.3335 | 0.3348 | 1.3365 | 0.3391 | 0.500 | ... | 0.3374 | 0.3383 | 1.3386 | 1.3404 
0.617 0.3343 | 0.3365 | 0.3381 | 0.3410 | 0.486 F OLB STE |e LPS wets Ss 0.3408 
0.594 ... | 0.3354 | 0.3373 | 0.3393 | 0.3426 1 0.480 0.3381 | 0.3395 | 0.3398 | 0.3413 
0.589 D_ |0.3353 |0.33872;...... 0.3426 | 0.464 0.3397 | 0.3402 | 0.3414 | 0.3423 
0.568 0.3362 | 0.3387 | 0.3412 | 0.3445 | 0.447 0.3407 | 0.3421 | 0.3426 | 0.3439 
0.553 _.. | 0.3366 | 0.3395 | 0.3417 | 0.3438 | 0.434 O.S417 |. dees fo eee 0.3452 
0.527. (|. BY LO 8863:) oe (very ena | 0.423 0.3431 | 0.3442 | 0.3457 | 0.3468 
0.522 0.3362 | 0.3377 | 0.3388 


* ‘Smithsonian Physical Tables,” 1954, Table 552. ( 
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TaBLE 6b-7. INDEX oF REFRACTION OF SPECIAL OpTicAL MATERIALS* 


Calcite 


ee 


Wave- | Sodium | Sylvine, | Calcium 


length | chloride KCl flouride Ordinary | Extraordinary 


ray ray 

0.185 1.893 

OOS l) Soaecg lek we a cL ae (eee 1.578 
OB4O Seed. koe TE wie 1.701 1.506 
0.589 1.544 1.658 | 1.486 
OLTOOP? le oes: Ul aie dos 1.650 1.483 
0.884 | 1.534 

1.179 1.530 

PAZ i ake lS  hoged I Raed 1.639 1.479 
2.324 | ..... ei) etme. HE eae. Ny lag ene 1.474 
2.357 1.526 

3.536 1.523 

5.893 1.516 

8.840 1. 


ene een LL LL A  ecnresesnaantucneanenat? 


Crystalline quartz Rutile. Sapphire 
5G Mage | | ————_ ——_|cccqwcur 
Lithium . | 
Ayu . nesium : Ex- ' Ex- ; Ex- 
fluoride | oxide One fracrdis' | 10” Gaorde) oo traordi- 
nary nary nary 
nary nary nary 
0.185 | ..... ee eee ee 1.65751 | 1.68988 
0.193 | 1.4450 
OOS he accion Bek 4 od tame ae 1.65087 | 1.66394 
0.203 | 1.4890 
0.214 1.4319 | 
0.231 1.4244 | ....... 1.61395 | 1.62555 
0.254 1.41792 | 1.8450 
0.265 | ....... 1.8315 
0.280 1.41188 | 1.8171 
O20 OF weak ors 1.8046 
0.302 1.40818 
OeSES:. Wl sce nesces 1.7945 
Us 2:10 a eee oa a | 1.56747 | 1.57737 | 
0.3650 | ....... 1.77186 | . 
0.3654 
0.366 1.40121 
0.391 1.39937 
SBOE. Nea eRe dard A iid 2 actess x 1.55846 | 1.56805 
0.405 | ....... 1.76132 
0.4384 | ....... J wo... 1.55396 | 1.56339 
OVAS9Gs of -2 oe Ue, N, eat vcne ts Mean Ana .... | 2,853 | 3.216 


* Compiled from data of Martens, Paschen, and others. 
Transmittance 10% for 1.0 mm thickness. 
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TapLe 6b-7. INDEX OF REFRACTION OF SPECIAL OpTicAL MATERIALS (Continued) 


Crystalline quartz Rutile Sapphire 
a Mag- 
r, Lithium nesium Ex- Ex- | Ex- 
AMCHIGe oxide oe traordi- Oral traordi- Ode traordi- 
n nar nary 
nary nary nary 

0.486 | ....... 1.75508 
0.447 | ....... 1.75325 
0.471 | ....... 1.74955 
0.4861 | 1.39480 
OAGIG: i) 2:5, & wen be meen: Meeeetere oie eetteate 2.723 | 3.047 
0.492 | ....... 1.74678 
Os A060) Who ccte dl ema | etek aree| aoe eee 2.715 | 3.040 
0.50 1.39430 
Ox508- [ies S65.) 34 ete ce 1.54822 | 1.55746 
OB lesa en te Blears lh cts aces tecde. vances Iencearaate Nk Aa daa as, LIB Saeed ao 1.7717 | 1.7634 
0.5461 | ....... PJ ATNG: | pie die baw were | 2.652 | 2.958 
BT tk cok he hp Soe stds Pi aimee tee ll Vine ee Ss eal 2.623 | 2.922 
Oc579! |b accsdsse beeeeed euaresh ieeee wes 2.621 | 2.919 
0.588 | ....... 1.73787 
0.5898 [ ....... 1.73790 |1.54424/1.553385) ..... | ..... 1.7681 | 1.7599 
OvO56> |) ackexes 1.73364 
0.671 espe kasi: Weds POOUA head uadies | sete ll siete I ant aes 1.7643 | 1.7563 
0.6907 ee nee rr, ee rn ee ee ee ee 2.555 | 2.836 
O2700> ll seeetneu 1.73127 
OL 7082 Vomit W bednee eens ea Heese 2.548 | 2.827 
O:.768 1 2608o6e-) a eeiwen 1.53903 | 1.54794 
0.80 1.38896 
O88 25 N25 een | aaoeees 1.53773 | 1.54661 
OO. DOLE AV) gas bee fl Se eee 1.53514 | 1.54392 
1.00 1.38711 
1.0140 | ....... Le 72259 One ale cai nk-beees 2.483 | 2.746 
1.12866 | ....... 1.72059 
Tet592 Wl wercese. eave eae 1.53283 | 1.54152 
13070 fh ccherde | asi Soe 1.53090 | 1.53951 
1.36728 | ....... 1.71715 
123958 Fas eau |) boaeeas 1.52977 | 1.53832 
De AGO2 dc doe. ll eee 1.52865 | 1.53716 
1.50 1.38320 
1.5296: | ....... 1 (1496 fecsuco ene eas 2.451 | 2.709 
T5414. | bose ece il) oiseees 1.52781 | 1.53630 
PEGSED.- |) che ivas | eaten 1.52583 | 1.53422 
1.69382 | ....... 1.71281 
17092 WP cs eases 1.71258 
L764 4) eevee ds. } Shwe ees 1.52468 | 1.53301 
1.813807 | ....... 1.71108 
PO48E oh pated tne, i eens 1.52184 | 1.53004 
1.97009 | ....... 1.70885 
2.00 1.37875 
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TaB.e 6b-7. INDEX OF REFRACTION OF SPECIAL OpTicaAL MATERIALS (Continued) 


yeh reer ereennnesnenennpe 


on 
a) 


co 
a] 
co 


Lithium 
fluoride 


ee we ee ew 
ee © eo we ew 
oo ee eo 8 
ee © © ee 
eo ee we we 
of wp ew we we 
oe eo we we we 
cece ee ee 


ee we ew we we 


Mag- 
nesium 
oxide 


ee ee ew ew 
ee eo oe ew ew 
oer ee eee 
oe ee oe ew 
eee ee we 
eee &¢ @ ee 


o eee e we 


oe ee es @ 


Crystalline quartz Rutile Sapphire 
: Ex ; Ex- : Ex- 
Ordi traordi- Ordi- traordi- rdi- traordi- 
nary nary 
nary nary nary 


a aie, ai SEEEEnEnESEemnemenens tt Tener nr 


1.52005 | 1.52823 
1.51561 
1.50986 
1.49953 
1.48451 
1.46617 


1.4569 


1.417 


1.274 


1.167 
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TaBLE 6b-7. INDEX OF REFRACTION OF SpeciaL Optica, MatTeriats (Continued) 


A,B 


19 

20 

26 
.30 

40 
.50 

. 579066 
. 643847 
819 
00 
.01398 
.014 

. 12866 
. 35703 
. 89506 
.40 
.§2952 
6932 
.80 

. 97009 
.00 
.32542 
.00 
.3033 
.4188 
.00 


PROWWWNNE EEE ERR HERE RRB OOOCOSO SSS 


Arsenic 
trisulfide 
glass 


oe ee eo 
oe eee ewe 
Pr er 
oe ee oee 
oe ee eee 


“es ee e @ © 


oe ee @ oe @ 
oe ee wo eo 
oe @ @ @ @ 


Sphalerite, ZnS | Spinel Strontium titanate 


2.679 
.676 
.673 


Amorphous 
selenium 


Calcium 


fluoride Silicon 


Germanium | Pyrite 


. 50500 
.49531 
.46397 
.45400 
.44186 
.43649 


or 


1.43179 oa = 2.589 
1.42892 


ae eee noe 2.520 


1.42390 oa. ave 2.45 
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TaBLE 6b-7. INDEX oF REFRACTION OF SPECIAL OPTICAL MATERIALS (Continued) 


er 
:~ 


Arsenic 
trisuliide 
glass 


Calcium 
fluoride 


Germanium | Pyrite 


Amorphous 
selenium 


Silicon 


a a enteeer Geeneenenteeeememnemeneememmmmmmmmmnmenssniernnn oak [eemmmmemeenenmen enn eel Ce CD a 


ued 


oS 


12. 


OnwnoeoeanowrCnNNW Or 


ono 
ON’ © 
a 


© o 
CO He 


QBwHSocoeouws 


W 
or 


2.39718 


oo ee oe 8 
eo 8 © © © 2 
ee we we ew ewe 
ee se we we ew 
ee © ew oe we 
ee ee te ee 


ee © © we we 


Cesium 


bromide 


ee © e eo we 


ee ee ws ow 


ee we © ew ew 


eo © © we ew we 


oe ee we ee 


o © © ee © 


ee © we ew we ew 


7 © © we we ew 


ee © ew ew we 


ee oe © ee 


ee © © eo ew 


oe @ © © oo 


oe ec we ew we 


Cesium | Potassium 


iodide 


oe ee oe 
oe ee we 
oe se ee 
oe ec eee 
ce we we ew 8 
oe oe © © 
oe ee we 
“cece eee 
ose eee 
coe oe wo ew 
ee 
oe te ew ee 
ee ee oe 
oe ee ee 
oe ec eee 
oe ec eee 


2.75 


3.65 


bromide 


ee © oe we ee 


oe © © we we 


1.60391 


2.80 


2.80 


2.70 


Silver 
chloride 


eo 8 © © ee ew 


ee © @ © we 
e © e we © eo 
oe ee we we 
ee « © @ eo 
ee © © © wo 


oe ef ew we ew 


oece#e 


Sodium 
chloride 


1.85343 
1.79073 


1.71591 
1.67197 


1.64294 


1.62239 


1.60714 


1.58232 


1.5 


1.75 
2.05 


2.60 


2.9 


Thallium 
bromide- 
iodide 
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TABLE 6b-7. INDEX oF REFRACTION OF SPECIAL OpticaL MaTsrRiats (Continued) 


— Cesium Cesium | Potassium Silver Sodium care 
: bromide iodide bromide | chloride chloride cs 
iodide 

0:39). | zaeedan Vo wereee 1.59444 

0.40 1730 PO. cso: NO eacewtases ON. Gates 1.56759 

0.4047 | ....... 1.8475 1.58975 

0.43858 | ....... 1.8303 1.58147 

OASGE. |) 3 oidecee [No eee dss 1.57179 

0.50 170896) | eeciesie. YS “awe, 2.09648 1.55175 

0.5086 | ....... | .....- 1.56848 

0.5461 | ....... 1.7951 1.56393 

0.5791 | ....... 1.7888 

0.60 1.69583 | ...... | wo... 2.06385 | ....... 2.60591 
0.6488 | ....... 1.7793 1.55585 

0.70 1.68825 | ...... 1.55276 | 2.04590 1.53881 2.53262 
0.8521 | ....... 1.7630 

1.0 167793.) sexes 1 weatens 2.02239 1.53216 | 2.44789 
1.0140 | ....... 1.7569 1.54410 | 
1.6982 | ....... 1.7470 

1.7012 axenets j) saute: 1.53901 

2.0 EeG7OGE |, sed bekS | 1) coe eters 2.00615 1.52670 | 2.39673 
3.0 1.66901 | ...... | ...eee- 2.00239 1.524384 | 2.38760 
3.418 | ....... 1.7436 

S249 Cl we ebedde. 1) cere ee 1.53612 

5.0 166730  ateeds || aeadece 1.99745 1.51899 | 2.38173 
9.724 | ....... 1.7395 1.52689 
10.0 1:66251: | .cacueh. yee ew ee 1.98034 1.49482 2.37274 
14708. || anwdatse 1 Annee 1.5128 
15.0 1.65468 | ...... | ....-... 1.95113 1.45145 | 2.36030 
15.48 | ....... 1.7341 
16.0 1::6)2720 4): -ecccane |! sane hes 1.94358 1.44001 2.35724 
17.0 1.65062 | ...... | .....-- 1.93542 1.42753 2.35398 
18.0 1.64838. |} .sesee- W “autos 1.92660 1.41393 | 2.35051 
19.0 1.64600 | ...... | ....---- 1.91710 1.39914 | 2.34683 
TOLOL. ol) eaiaees. |) ese 1.4970 
20.0 V643848> Seheede A a eeetee 1.90688 1.38307 | 2.34294 
20.5: Wh “ste algae Wl - euisgeced- YR) eee eee 90149 
208% — Vo weenie 1.7268 
2UAS. i 2¢teree ||" eees2 1.4866 
21.3 256390907") cccace, 4) anacthew. UP -~en tees 1.352 
D183 of utdeeews 1 sheaee 1.4830 | ....... 1.318 
22.8 126356010); -siskeon | Geaeeeee || eeeeden 1.299 
23 .6 1.63313 
ZorOO . WN? nmapacken Ol eeees 1.4713 
23°80 © Hh -gexcheas 1.7212 
24.2 TBI evaccke fl) 28Seeee |) wate ees 1.278 
25.0 162856" | Jetset “§ Sedeidess 3)! “estes 1.254 2.32017 
D5 AAs OO pean eect aed 1.4631 
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TaBLE 6b-7. INDEX OF REFRACTION OF SPECIAL OpTicaL MaTERIALS (Continued) 


‘ Cesium | Cesium | Potassium| Silver Sodium ee 
ae bromide iodide bromide | chloride chloride gee 
iodide 

25.8 162080) fi teseaikcs <4! 4A eee eth. We Saga ees 1.229 
26.6 1.62298 "be weiSie o. wet enag WO obese. 1.203 
26.63 | ....... 1.7157 
27.3 12620383.) eoanda oF atdwese, |) wekeeds 1.175 
29.82 | ....... 1.7085 
30.0 1.60947 eeetunitcs.' Hl atatecs. Wil eeerteee “i. st Seca 2.29154 
33.0 1.59576 127008: Ue diene Ds. N Soueeased (ll abbaw ats 2.27131 
35.0 EDSODS cote. ill me dototek. || anbeane  wawes 2.25647 
35.84 | ....... 1.6921 
36.0 TyO801G6- 3) eves’ ||) aantieewer ‘lt eaeidds Uh wewa dds 2.24862 
37 .0 Lupeao0- FF Babee I whawe' dds oll. Mie edeae Ib -neeeales 2.24068 
38.0 TOOSOG) UW" tubs te Of Ste ie. ly thesia. HE vacate 2.23205 
38.5 15669067 || - aauk56. FT Soetes Go tilt teeter aetectses We vitccmasten, 2.22772 
39.0 Pe5OZ45 3 atebeed. yh matreted i bette tes, Waited 2.22331 
39.2 1.56119 
39.22 | ....... 268108 thy cebtaey. ll spe aceee. PN che es 2.21882 
39.5 He USA: Fc Mae, lite aes He pecan 1 Beemer 2.21882 
44.05 | ....... 1.6635 
45.04 |] ....... 1.6597 
47.06 | ....... 1.6508 
48.08 | ....... 1.6456 
49.16 | ....... 1. 


References for Table 6b-7 


1 


2 Lithium Fluoride. Data at temperature of 20°C for wavelengths 0.193 to 0.231. 


taken from Z. Gyulai, Z. Physik 46, 84 (1927); at 20°C for 0.254 to 0.486y taken 
from H. Harting, Sitzber. deut. Akad. Wiss. Berlin IV, 1948; at 23.6°C for 0.50 to 
6.0u from L. W. Tilton and E. K. Plyler, J. Research Natl. Bur. Standards 41, 
25 (1951); at 18°C for 6.91 to 9.79 taken from H. W. Hohls, Ann. Physik 29, 
433 (1937). 


. Magnesium Oxide. Data at temperature of 23°C for wavelengths 0.25 to 0.7071 


(except for datum at 0.3650u) taken from J. Strong and R. T. Brice, J. Opt. Soc. 
Am. 26, 207 (1935); at 23.3°C for 1.0140 to 5.35 (plus datum at 0.3650.) taken 
from R. E. Stephens and I. H. Malitson, J. Research Natl. Bur. Standards 49, 
252 (1952). 


. Crystalline Quartz. Data at temperature of 18°C for wavelengths 0.185 to 0.768, 


taken from F. A. Martens, Ann. Physik 6, 603 (1901) {similar data given by J. W. 
Gifford, Proc. Phys. Soc. (London) 170, 329 (1902), and by H. Trommsdorff, 
Physik. Z. 2, 576 (1901)]. See R. B. Sosman, ‘‘The Properties of Silica,’’ Chemical 
Catalog Company, Inc., New York, 1927, for a collation of the above data. At 
20°C for 0.8325 to 2.30u taken from A. Carvallo, Compt. rend. 126, 728 (1898). 
At 18°C for 2.60 to 7.04 taken from H. Rubens, Wied. Ann. 64, 488 (1895). 


. Rutile. Data for wavelengths 0.435 to 1.5296 taken from J. R. DeVore, J. Opt. 


Soc. Am. 41, 418 (1951). (No temperature given.) 


. Sapphire. Data for natural corundum at room temperature for wavelengths 


0.535, 0.589, and 0.671 taken from R. Brouns, Centrabe Mineral 673 (1909); 
data for wavelengths 0.4861 and 0.6563, taken from ‘‘Synthetic Sapphire, Ruby, 
and Spinel,” p. 23, The Linde Air Products Company, New York, 1946. 
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6. 


10. 
“ to 11.0354 measured by the National Bureau of Standards and taken from 


11. 
12. 


13. 
14. 


15. 
16. 
17. 


18. 


20. 


21. 


Fused Silica. Data at temperature of 18°C for wavelengths 0.185 to 0.5893, 
taken from H. Trommsdorf, Physik. Z. 2, 576 (1901) (except for datum at 0.23y); . 
at 18°C at wavelengths 0.231 and 0.768 taken from J. W. Gifford, Proc. Phys. 
Soc. (London) 70, 329 (1902); at 18°C for 0.886 to 2.595 taken from A. Carvallo, 
Compt. rend. 126, 728 (1898) (except for datum at 1.028); at 18°C for 1.028y 
taken from C. Muller and A. Wetthauer, Z. Physik 85, 559 (1938); at 24°C for 
3.5078 taken from W.S. Rodney and R. J. Spindler, J. Opt. Soc. Am. 44, 678 
(1954). 


. Sphalerite. Data for wavelengths 0.3650 to 1.5296y taken from J. R. DeVore, 


J. Opt. Soc. Am. 41, 417 (1951). (No temperature given.) 


. Spinel. Data taken from “Synthetic Sapphire, Ruby, and Spinel,”’ p. 23, The 


Linde Air Products Company, New York, 1946. 


. Strontium Titanate. Data taken from private communication with W. B. 


Anderson, Titanium Pigment Corporation, July 9, 1954. 
Arsenic Trisulfide Glass. Data at a temperature of 24°C for wavelengths 0. 579066 


literature from the American Optical Company and the Servo Corporation of 
America, 

Calcium Fluoride. Data at a temperature of 20°C for wavelengths 0.19 to 9.00n 
taken from F. Kohlrausch, ‘‘Praktische Physik,’”’ 18th ed., vol. 2, pp. 528-529, 
Mary S. Rosenberg, New York, 1947. 


‘Germanium. Data for wavelengths 4.17 to 12.54 taken from private communica- 


tion from I. Simon, J. Opt. Soc. Am. 41, 730 (1951). 

Pyrite. Data from same source as dats for germanium (see above). 

Amorphous Selenium. Data for wavelengths 0.819 to 2.00u taken from H. A. 
Gebbie and E. W. Saker, Proc. Phys. Soc. (London) 864, 360 (1951). 

Silicon. Data from same source as data for germanium (see above). 

Cesium Bromide. Data at temperature of 27°C for wavelengths 0.40 to 39.2u 
taken from W.S. Rodney and R. J. Spindler, J. Research Natl. Bur. Standards 61, 
126 (1953). 

Cesium Iodide. Data at temperature of 24°C. for wavelengths 0.3610 to 49.16u 
taken from private communication from W. 8. Rodney, National Bureau of 
Standards, August, 1954. 

Potassium Bromide. Data at temperature of 48°C at wavelengths 0.206 and 
0.210u taken from Z. Gyulai, Z. Physik 46, 80 (1927); at 20°C for wavelengths 
0.214 to 0.391n from H. Harting, Sitzber. deut. Akad. Wiss. Berlin no. IV, 1948; 


at 22°C for 0.40 to 0.70u from R. J. Spindler and W. S. Rodney, J. Research N atl. 


Bur. Standards 49, 258-260 (1952); at 22°C for 1.0140 to 25.14 from private 
communication from Stephens, Plyler, Rodney, and Spindler, National urea 


- of Standards, March, 1952. 
19. 


Silver Chloride. Data at temperature of 23.9°C at wavelengths 0. 50 to 20. 5u 
taken from L. W. Tilton, E. K. Plyler, and R. E. Stephens, J. Opt. Soc. Am. 40, 
543 (1950). 

Sodium Chloride. Data at temperature of 20°C for wavelengths 0.19 to 21.0 


taken from F. Kohlrausch, ‘‘ Praktische Physik,” 18th edition, vol. 2, pp. 528-529, 


Mary 8S. Rosenberg, New York, 1947; at 18°C for 21.3 to 27.3y from H. ‘Wz Hohls, 
Ann. Physik 29, 433 (1937). 

Thallium Bromidetodide! Data at temperature of 27°C for asceuatie 0.60 to 
39.5n taken from L. W. Tilton, E. K. Plyler, and R. E. Stephens, J. Research 
Natl. Bur. Standards 48, 86 (1949). These data are less (by approximately 
5 per cent) than those reported by G. Hettner and G. Leisegang, Optik 8, 305 
(1948), but the percentage of thallium iodide differed in the samples studied by 
the two respective groups. The difficulties with the consistent preparation of 
this material have been analyzed by A. Smakula, J. Kalnajs, and V. Sils, J. Opt. 
Soc. Am. 48, 698-701 (1953). 
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TABLE 6b-8. INDEX OF REFRACTION OF FUSED QuarRTz Guass* 


A, # Index r, ue Index Index 
0.185 | 1.57464 | 0.56 | 1.459561 1.444687 
0.214 | 1.53386 | 0.57 | 1.459168 1.443492 
0.275 | 1.49634 | 0.58 | 1.458794 1.442250 
0.34 1.47877 | 0.59 | 1.458437 1.440954 
0.35 1.47701 | 0.60 | 1.458096 1.439597 - 
0.36 1.47540 | 0.61 | 1.457769 1.438174 
0.37 1.47393 | 0.62 | 1.457456 1.436680 
0.38 1.47258 | 0.63 | 1.457156 1.435111 
0.39 1.47185 | 0.64 | 1.456868 1.433462 
0.40 1.470208 | 0.65 | 1.456591 1.431730 
0.41 1.469155 | 0.66 | 1.456324 1.429911 
0.42 1.468179 | 0.67 | 1.456066 1.428001 
0.43 1.467273 | 0.68 | 1.455818 1.425995 
0.44 1.466429 | 0.69 | 1.455579 1.423891 
0.45 | 1.465642 | 0.70 | 1.455347 1.421684 
0.46 1.464908 | 0.80 | 1.453371 1.41937 | 
0.47 | 1.464220 | 0.90 | 1.451808 1.41694 
0.48 1.463573 | 1.00 | 1.450473 1.31440 
0.49 1.462965 | 1.10 | 1.449261 1.41173. 
0.50 1.462394 | 1.20 | 1.448110 1.40893 
0.51 1.461856 | 1.30 | 1.446980 1.40601 - 
0.52 1.461346 | 1.40 | 1.445845 | 
0.53 1.460863 
0.54 1.460406 
0.55. | 1.459973 


Note. Biggest deviation from above values was 40 X 1075 on a General Electric sample; other 
samples measured were from Heraeus and Corning. “a 2% 

* Most of the data in this table came from W. S. Rodney and R. J. Spindler, Index of Refraction of 
Fused Quartz Glass, J. Research Natl. Bur. Standards 83, 185 (September, 1954). 
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TABLE 6b-9. RerrRactivE INDICES oF OptTicaL GuLAassEs Mapp at NATIONAL 
BUREAU OF STANDARDS* 


A typical glass 
Nominal Vv ba . id 


Name Density 
ND 

nD n@' NR ne V 
BSC 511 1.5110 |63.5]1.51100 | 1.52118 | 1.51666 | 1.50861 |} 63.5] 2.48 
BSC 517 °| 1.5170 |64.5|1.51700 | 1.52709 | 1.52263 | 1.51461 |}64.5| 2.51 
BSC 536 1.5359 | 64.4/ 1.53598 | 1.54645 | 1.54182 | 1.53349 |64.3] 2.56 
LC 513 1.5125 | 60.5] 1.51250 | 1.52312 | 1.51845 | 1.50999 |60.6/] 2.55 
LC 523 | 1.5230 | 58.6) 1 52300 | 1.53433 | 1.52928 | 1.52037 |58.7| 2.52 
LC 529 1.5288 (|58.3| 1.52882 | 1.54035 | 1.53520 | 1.52613 | 58.3 
BaC 541 | 1.5411 |59.9/1.54110| 1.55259 | 1.54746 | 1.53843 |59.9} 2.85 
BaC 573 1.5725 |57.41|1.57250/ 1.58518 | 1.57951 | 1.56958 |57.6| 3.21 
BaC 574 1.5744 |57.711.57440 | 1.58710 | 1.58143 |} 1.57149 |57.8;) 3.21 
BaC 611 1.6109 |57.2) 1.61090 | 1.62451 | 1.61843 | 1.60777 | 57.3] 3.48 
BaC 611 1.6110 |58.8]| 1.61100 | 1.62421 | 1.61832 | 1.60793 |} 58.8; 3.58 
BaC 617 1.6170 |55.0! 1.61700 | 1.63135 | 1.62492 | 1.61372 | 55.1; 3.66 
BaC 620 1.6191 |59.5]1.61919 | 1.63242 | 1.62652 | 1.61611 /59.5| 3.60 
CF 529 1.5286 |51.6| 1.52860 | 1.54181 | 1.53587 | 1.52561 | 51.5) 2.73 
F 6573 1.5725 | 42.5)1.57250 | 1.59056 | 1.58212 | 1.56862 | 42.4] 3.28 
F 580 1.5795 | 41.0] 1.57950 | 1.59816 | 1.58966 | 1.57548 | 40.9} 3.24 
F 605 1.6050 | 38.0] 1.60500 | 1.62604 | 1.61639 | 1.60046 | 38.0! 3.49 
FF 617 1.6170 | 36.6] 1.61700 | 1.63931 | 1.62906 | 1.61220 | 36.6; 3.60 
F 621 1.6210 |36.2/ 1.62100 | 1.64369 | 1.63326 | 1.61612 |36.2| 3.64 
F 649 1.6490 | 33.8] 1.64900 | 1.67462 | 1.66278 | 1.64354 |33.7| 3.90 
F 666 1.6660 | 32.4) 1.66600 | 1.69335 | 1.68069 | 1.66021 | 32.5) 4.03 
F 673 1.6725 132.2) 1.67250 | 1.70046 | 1.68752 | 1.66660 | 32.1] 4.08 
F 689 1.6890 |30.9| 1.68900 | 1.71867 | 1.70491 | 1.68275 |31.1) 4.24 
F 720 1.7200 | 29.3) 1.72000 | 1.75309 | 1.73769 | 1.71309|29.3) 4.51 
F 754 1.7543 | 27.7)|1.75437 | 1.79132 | 1.77406 | 1.74671 | 27.6}; 4.79 
BF 584 1.5838 | 46.0] 1.58380 | 1.60024 | 1.59279 | 1.58015 |46.2} 3.21 
BF 588 1.5880 |53.4|1.58800 | 1.60210 | 1.59577 | 1.58479 | 538.5) 3.33 
BF 605 1.6053 | 43.6] 1.60530 | 1.62350 | 1.61520 | 1.60130 | 43.5) 3.47 

Rare-earth glasses 

714/531 1.714 53.111.71438 [1.7315 |1.7238 |1.7103 | 53.1 
705 /540 1.705 54.011.7049 |1.7216 |1.7142 {1.7011 | 54.0 
682/553 1.682 55.3/1.6819 |1.6976 |1.6906 |1.6782 | 55.3 
673 /562 1.673 56.2/1.6733 |1.6885 |1.6817 {1.6697 | 56.2 
656/582 1.656 58.211.6555 |1.6698 |1.6634 |1.6522 | 58.2 
639/597 1.639 59.7/1.6395 |1.6531 |1.6470 | 1.63863 | 59.7 
610/620 1.610 62.0!1.6096 |1.6220 | 1.6165 | 1.6067 | 62.0 


* Compiled by J. C. Baker, Harvard College Observatory. 
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TABLE 6b-10. INDEx oF REFRACTION FOR SOME NEw GLassEs* 


RE A 


Indices of refraction 


Origin Type a 
A’ C D F Gq’ 
NBS....... 610/620 | 62.0 | ....... 1.6067 | 1.6096 | 1.6165 | 1.6220 
NBS....... 639/597 | 59.7 | ....... 1.6363 | 1.6395 | 1.6470 | 1.6531 
NBS....... 656/582 | 58.2] ..... .. | 1.6522 | 1.6555 | 1.6634 | 1.6698 
EK........ EK-110 | 56. 1.68877 | 1.69313 | 1.69680 | 1.70554 | 1.71255 
NBS....... 673/562 | 56.2} ....... 1.6697 | 1.6733 | 1.6817 | 1.6885 
Hay........ 651/558 | 55.8] ..... .. | 1.64757 | 1.65100 | 1.65924 | 1.66590 
NBS....... 682/553 | 55. _...... | 1.6782 | 1.6819 | 1.6906 | 1.6976 
NBS....... 705/540 | 54.0 }........ | 1.7011 | 1.7049 | 1.7142 | 1.7216 
NBS....... 714/531 | 53.1 | ....... 1.7103 | 1.7143 | 1.7238 | 1.7315 
| 1 1. 1. 
1 1. 1. 
1 1. 
1 1. 
1 1. 
1 ge 
1 1. 
1 1 


Corn’g, Corning Glass Works. 

EK, Eastman Kodak Company. 

Hay, Hayward Scientific Glass Corp. 

NBS, National Bureau of Standards. ; 

* I. C, Gardner, New Types of Optical Glasses Available in the United States, Proc. London Conf. 
Opt. Instruments, p. 241, 1950. 


7” (MOST OF THE AVAILABLE 
OPTICAL GLASSES FALL 
WITHIN THE SHADED 
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Fic. 6b-1. Relationship of Np (index of refraction of the Fraunhofer D line) to » (dis- 
persion) for optical glasses. 
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TaBLE 6b-11. RerractivE INDICES oF QUARTZ AT VaRIOUS TEMPERATURES 
[Measured by Rinne and Kolb (1910) and Recalculated as Absolute Indices]* 


Wave- 
— length, | —140°C | — 45°C] 23°C | 115°C | 212°C | 305°C | 410°C | 550°C | 580°C | 650°C | 765°C 
my 
Extraordinary Index 1¢ 
G’ (Hy) [484.047] ...... 1.5633 eS ee 1.5623]1. 5615/1. 5598/1.555111.5508/1.552111.5532 


(d) (466.8 | ...... |1.5609 
486.133] 1.5504 | 1.5594 
495.75 | ...... 1.5587 


1 
1. 5608|1.5603 1.5597/1. 5588/1. 5572/1 .5526|1.5478)1.5492/1. 5306 
F 1.5593)1.5589/1,5581/1.5573/1, 5558/1. 6512)1.5464/1. 8475/1. 5490 
(c) 1. 5587/1. 5582/1. 5576/1. §567)1. 5552/1. 5503/1. 5456/1. 5468/1.5481 
be (517.27 | ...... 1, 5574 |1.5574|1, 5568/1, 5562/1. §553/1. 5538/1. 5488/1. 544211 5454/1. 5469 
De: (588.997) 1.5541 | 1.5539 |1.5537/1.5532)1,5526/1.5515/1. 5499/1 .5451/1.5405/1.5417/1. 8431 
a (627.8 | 1.5526 | 1.5525 |1.5522/1.5517/1, 5510)1. 5500/1. 5486|1 . 5437/1. 8889/1.5403/1.5416 
C 1.5513}1. 5508/1. 5502/1. 5491/1.5475)1.5427/1.5380)1.5393/1. 5406 
B 1.5504)1.5499)1. 5492/1. 5481/1 .5466)1.5419/1. 5369/1. 5383/1. 5397 
a ssid |gaias aia sale caine wadie sagas de tau 


656.278 ...... 1,5516 
687.2 | 1.5506 | 1.5506 
718200. | neenes 1.5499 


Ordinary Index nw 


| 


.§540/1.5536'1.5531 1.5620). 5510 1. 5469/1. 5425/1. 5439/1. 5454 
.§514/1.5511 1.5506 1.5498) 1.5483 1. 5442/1. 5400)1.5414/1.5429 
.§500/1. 5497/1 .5491)1. 5483)1.5469)1. 5426/1. 5385)1.5399/1. 5414 
(c) |495.75 | ...... 1.5494 |1.5494/1.5491/1. 5485/1. 5477/1. 5465/1 .5421/1.5379/1.5393)1, 5406 
be =|517.27 | ...... 1.5481 |1.5481/1.5476)1. 5472)1 5463/1. 5452/1 .5407)1.5363)1 5377/1. 5392 


1 
1 
1 
1 
1 
Dz |588.997| 1.5449 | 1.5448 |1.5446/1.5441/1. 5437/1. 5428/1.5414/1.5370/1.5329/1.5341/1.5356 
1 
1 
1 
1 


G’ (Hy) (484.047) ...... 1.5539 
(d) |466.8 omens 1.5515 
F  |486.133] 1.5504 | 1.5501 


627.8 1.5434 | 1.5434 |1.5481)1.5427)1.5422)/1.5413/1.5401/1. 5357/1. 5314/1. 5328)1.5340 
.§423)1.5418/1.5414/1. 5405/1. 5390/1. 5349/1. 5304)1. 5319/1. 5331 
.§6414/1.5410/1. 5405}1. 5395/1. 5382/1. 5337/1. 5296)1. 5309/1 .5321 
.5405)1.5401)1. 5396/1. 5386/1. 5374)1.5327)1.5288)1.5301/1. 5313 


a 

C (656.278) ...... 1.5425 
B \687.2 1.5417 | 1.5416 
a TISLD Nowa e 1.5408 


* R. B. Sosman, ‘‘The Properties of Silica,’’ Chemical Catalog Company, Inc., New York. 
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TABLE 6b-12. Liquips Usrep ror DETERMINING REFRACTIVE INDEX 
By TRANSMISSION METHOD* 


Inquid Np, 24°C 

Trimethylene chloride................ 0... eee eens 1.446 
OI COl eid a vacketh Set teen GA Soe eee: Mees CEES 1.456 
Hexahydrophenol.... os .¢4:c 25.0. her dg tenes Cae nae ede —-1.466 
Decahydronaphthalene.................. 0.5.02 eee 1.477 
Isoamylphthalate...........0 0... 0c ce tenes 1.486 
Tetrachloroethane........0.0 0.0.0.0... cece ee cee 1.492 
Pentachloroethane.........0 0.0.0... cece eee ee 1.501 
Trimethylene bromide................ 00.040 eee eee 1.513 
Chlorobenzene.................. eh ieee er ree: 1.523 
Ethylene bromide + chlorobenzene.................... 1.533 
o-Nitrotoluene.............. 0.0002 eee tne tte er 1.544 
MYNGING piste icatetres Looe Ae eee eae ees 1.557 
o-Toluidine............ Ne ee ey Bealls oi tice alee ae 1.570 
ADUING* 2 ees d oe each eta cow eee ees CYS ae Ree oes 1.584 
BBYOMOlOLUNs <b. 4c. hase dines yds See et a ee 1.595 
Iodobenzene + bromobenzene................8-.-+055 1.603 
Iodobenzene -+ bromobenzene.................22-.-05: 1.613 . 
Quimolinie ee oe aia nes eo ee he Ee eas Cae eS 1.622 
a-Chloronaphthalene................ 2.000 ce eee eee 1.633 
a-Bromonaphthalene + a-chloronaphthalene............ 1.640-1.650 
a-Bromonaphthalene + a-iodonaphthalene............. 1.660—1.690 
Methylene iodide + iodobenzene...................... 1.700-—1 .730 
Methylene iodide............... 0.0000 ce eens 1.738 
Methylene iodide saturated with sulfur................ 1.78 
Yellow phosphorus, sulfur, and methylene iodidef (8:1:1 

DY Welpnt) ch tcis ott ad w. eae hae wel earned Bo tacnete ae 2 2.06 


‘* Handbook of Chemistry and Physics,”’ 36th ed., p. 2669, Chemical Rubber Publishing Goan. 
deci oee. 
+ Can be diluted with methylene iodide to cover’range 1.74—2.06. For precautions in use, cf. West, 
Am. Mineral 21, 245-249 (1936). 
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6c-1. Definitions and Tables. Two important optical properties of a material are 
its refractive index n and its absorption coefficient «; both vary with wavelength. The 
absorption coefficient represents the fraction of radiant intensity lost by absorption 
per unit thickness of material, for very small thicknesses. Its value depends strongly 
on the purity of the sample and may vary widely for materials from different sources 
or prepared by different methods. Representative values are given in Table 6c-1 for 
several erystalline materials and for fused silica. 

The internal transmitiance T; of a material is related to the absorption coefficient by 


I 


a 


7’; eno 
where J is the intensity of the radiation transmitted by the first surface of a plate of 
material of thickness ¢, and J is the intensity of the flux incident on the second surface. 
Values of I) and J measured in air outside the sample must be corrected for surface 
reflection loss before being used in computing absorption coefficient. It can be seen 
from the equation that the units of absorption coefficients are reciprocal length, and 
that the reciprocal of a is the absorption distance through which the intensity of 
radiation is reduced to 1/e, or 36.8 per cent, of its original value. 

Other optical constants commonly used include the extinction coefficient x and the 
absorption constant k; these are related to absorption coefficient by 


k ar 


n 4irn 


where ) is the wavelength of light. 


6-36 


ABSORPTION AND TRANSMISSION 6-37 


TABLE 6c-1. ABSORPTION COEFFICIENTS OF VARIOUS SUBSTANCES 


(cm~?) 
Calcium | Lithium | Ma@- | Po- | Crystal- | Quartz | ooo | gaia 
r nesium | tassium line | extraor- 


>” | duoride fluoride fused chloride 


oxide | bromide} ordinary | dinary 


eT Gp ae eta | ae mg rae a en 


Oe! face, devieeenel! ees Wesene 0.009 0.02 | 0.016 

DeDel S2 2S, We cea ctu — sachin (Al keene 0.027 0.05 | 0.02 

3 A ees ee |e ee | im 0.50 0.17 | 0.15 

BR DoW cceet lenem eee cae tn nee 0.90 0.90 | 0.31 

BOO cepts! Meee Gee Il eae 1.8 1.8 2.0 

BG ree tetee: Wats as aie eet ee 7.2 7.2 7.1 

BO ort Ntaetenedl! seas liecceytceds 65 65 28 

5.5] ..... 0.15 

6.0] ..... 0.50 

6.5] ..... 1.3 

7.0] 0.04 2.4| 2.0 

7.51 0.09 4.1 

8.0] 0.19 7.0| 6.0 

8.5] 0.36 

9.0] 0.62 13 15 

9.5] 1.02 

10.0] 1.7 31 50 

11.0] 4.6 60 sha: Weekes tetas iP wteaics (octane 0.006 
12.0] 11.0 160 an ier or er cere, Seen 0.013 
14.0] ..... 500 BO Wetec atig Wit seat cients a Sno oh 0.10 
15.0] ..... 25000; 9. see, “Vt essed Hi aaeenuc il aceon. Meneint 0.20 
16.0] ..... Jo....... O00. Pf aceuete | actet, decane, 0.32 
BOOT co ciend, eeu aeene AS re er meee. 3.3 
DA Oe awd Vee woe t Oe255 Wl bate tae. owt, te 14 
2600: 2aace ida lil. ace Peau met, lll etsioke. Hl cecuce, West fons 21 
DSO sacige et. Wattas fi: O79 Nl aketind WP ects. Heit: 50 
BOO), gecas edema wide: {) pauute Ml! cucseiltas Sh cetthad. dak ten, 100 
82.0 | cscs fovea sacs 2 
3820), crags. |ckeaees 7 
40.0} ..... f........ 12 
ABO Site aie Wwara cess 36 


References for Table 6c-1 


1, Calcium Fluoride. Taken from graph computed from transmittance curve in 
S. 8. Ballard, ed., ‘The Optical and Other Physical Properties of Infrared Optical 
Materials,’’ p. 61, final report for ERDL Contract W-44-009 eng-473, 1949. 

. Lithium Fluoride. H.W. Hobbs, Ann. Phystk 29, 433 (1937). 

Magnesium Oxide. E. Burstein, J. J. Oberly, and E. K. Plyler, Proc. Ind. Acad. 

Sct. 38, 388 (1948). 

- Potassium Bromide. Z. Mentzel, Z. Physik 88, 178 (1934). 

. Crystalline Quartz. See ref. 1 for ordinary ray; for extraordinary ray, D. G. 

Drummond, Proc. Roy. Soc. (London), ser. A, 153, 328 (1935). 

. Fused Silica. See ref. 1. 

. Sodium Chloride. -See ref. 1. 
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TABLE 6c-2. EXTINCTION COEFFICIENTS IN THE INFRARED* 


(cm~) 
d, we Germanium | Silicon | Pyrite 
4.17 1.9 1.35 0 
4.55 1.9 1.35 0 
6.25 1.5 1.30 0 
7.14 | 1.2 1.13 ‘ 
7.69 uae ae ecd 0.42 
8.33 0.73 0.52 
10.0 0 0.14 0.55 
12.5 0 0.15 
15.4 aes Bets seat oes 0.67 


* Private communication from I, Simon. For graphical presentation, see I. Simon, J; Ont. Soc. Am. 
41, 730 (1951). 


6c-2. Notes on Absorption and Transmission of Optical Materials. Approximate 
spectral absorption characteristics of several optical materials are given on pages 
116-124 of Office of Technical Services (U. S. Department of Commerce) publication 
No. 111053 of October, 1952: “Physical Properties of Optical Crystals with Special 
Reference to Infrared,’”’ by Alexander Smakula. He gives data for a so-called extinc- 
tion coefficient, Kio, which is the common-logarithm analog of absorption coefficient: 
the reciprocal of K10is the absorption distance through which the intensity of radiation 
is reduced to 140, or 10 per cent, of its original value. Absorption coefficients, a, 
ean be obtained by multiplying values of Kio by 2.303. 3 

There are many materials of importance for which absorption coefficients are not 
available in the literature; however, the references listed below present transmittance 
data from which approximate values of absorption coefficients can be computed. 


1. Amorphous Selenium. ‘Transmission curves, for five thicknesses from 0.06 to 
0.62 cm, to 254 given. See H. A. Gebbie and C. E. Cannon, J. Opt. Soc. Am. 42, 
277L (1952). | 

2. Arsenic Trisulfide Glass. Transmission curves up to 13u given. See R. Frerichs, 
J. Opt. Soc. Am. 48, 1153 (1953). | 

3. Barium Fluoride, Cadmium Fluoride, Lead Fluoride, and Strontium Fluoride. See 

D. A. Jones, R. V. Jones, and R. W. H. Stevenson, Proc. Phys. Soc. (London), 
ser. B, 85, 906 (1952). For cadmium fluoride, see also H. M. Haendler, C. M. 
Wheeler, and W. J. Bernard, J. Opt. Soc. Am. 48, 215 (1953). 

4, Cesium Bromide. A transmittance curve from 0.32 to 38 is given for a 7-mm- 
thickness sample by E. K. Plyler and F. P. Phelps, J. Opt. Soc. Am, 41, 209L 
(1951). 

5. Cesium Iodide. A transmittance curve from 0.22 to 38 is given for a 3-mm- 
thickness sample by E. K. Plyler and F. P. Phelps, J. Opt. Soc. Am, 42, 432L 

(1952). This material probably transmits to a wavelength of 52u. 

6. Rutile. The transmission for a sample of thickness 1.86 mm from 2 to 8p is given 
in S. S. Ballard, ed., “The Optical and Other Physical Properties of Infrared 
Optical Materials,” p. 61, final report for ERDL Contract W-44-009 end-473, 
1949. 

7. Sapphire. The transmission for a sample of thickness 0.5 cm from 2 to 6y is 
given in the same source as referred to for rutile. | | 

8 Silver Chloride. The transmission for a sample of thickness 0.6 cm from 2 to 264 
is given in the same source as referred to for rutile. 

9. Spinel. See G: Calingert, S. K. Heron, and R. Stair, Trans. Soc. Automotive 
Engrs. 31, 448 (1936). | 
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10. Strontium Titanate. Transmittance curves for the visible region for 1.0- and 
1.l-mm samples are given in private communication with W. B. Anderson, 
Titanium Pigment Corporation, July 9, 1954. 

11. Thallium Bromide-iodide. The transmission for a sample of thickness 0.4 cm 
to a wavelength of 384 in the same source as referred to for rutile. 


TABLE 6c-3 
CONVERSION TABLE 


OPTICAL DENSITY VS PERCENT TRANSMISSION 


Transmission 
Transmission 
Transmission 
‘Transmission 


0.00 100.00 ~ 
0.01 


2.50 

2.51 

2.52 

2.53 

| 2.54 

0.8913 2.65 


0.8710 
0.8511 
0.8318 
9 0.8128 
0.7943 


0.7762 
0.7586 
0.7413 
0.7244 
0.7079 


0.6918 
0.6761 
0.6607 
0.6457 
0.6310 


0.6166 
0.6026 
0.5885 
0.5754 
0.5623 0.1778 


0.5495 . 0.1738 
0.5370 . 0.1698 
0.5248 E 0.1660 
0.5129 0.1622 
0.5012 0.1585 


0.4898 82 0.1549 
0.4786 82 0.1514 
0.4677 83 0.1479 
- 0.4571 | 2.84 0.1445 
0.4467 | 2.85 0.1413 


0.4365 . 0.1380 
. 0.4266 0.1349 
0.4169 : 0.1318 
0.4074 | 2. 0.1288 
0.3981 ‘ 0.1259 


_ 0.3890 . 0.1230 
.0,3802 0.1202 
0.3715 . 0.1175 
0.3631 A 0.1148 
0.3548 . 0.1122 


0.3467 2.96 0.1096 
0.3388 2.97 0.1072 
0.3311 2.98 0.1047 
0.3236 2.39 0.1023 
0,3162 3.00 0.1000 
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0.0794 


0.0776 
0.0759 
0.0741 
0.0724 
0.0708 


0.0692 
0.0676 
0.0661 
0.0646 
0.06310 


0.0617 
0.0603 
0.0588 
0.0575 
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0.0550 
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6c-3. Additional Information on the Properties of Certain Optical Materials 


1. Lithium Fluoride. Particularly useful as a prism material for the vacuum ultra- 
violet region transmitting to a minimum wavelength of almost 0.10u, and in the 
infrared region to 5u; however, since only selected pieces of the vacuum-grown 
material give such a low transmission in the ultraviolet, caution must be taken in 
choosing the particular sample. For an evaluation of lithium fluoride as a priam 
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material, see R. C. Gore, R. 8. MacDonald, V. Z. Williams, and J. U. White, 
J. Opt. Soc. Am. 87, 23 (1947). For an evaluation of the physical properties of 
lithium fluoride, see S. S. Ballard, L. S. Combes, and K. A. McCarthy, J. Opt. 
Soc. Am. 41, 772 (1951). 

2. Magnesium Oxide. Useful as a window material in equipment where both strength 
fand high-temperature endurance are required. (The Young’s modulus for mag- 
nesium oxide is approximately six times that of sodium chloride; its melting point 
is 2500 to 2800°C.) Specific information is contained in the literature of the 
Norton Company, Niagara Falls, Canada. 

3. Quartz. Used both as a prism material and for other optical elements in spectrome- 
ters, particularly for measurements in the ultraviolet region; it is also an excellent 
window material. Its mechanical properties are quite remarkable, particularly 
when considered as a material for field use; quartz is very strong and extremely 
hard. A thorough summary of the mechanical, thermal, and optical properties 1s 
given by R. B. Sosman, “The Properties of Silica,” Chemical Catalog Company, 
Inc., New York, 1927. 

4. Fused Silica. Has uses similar to those of crystalline quartz. Information on its 
mechanical, thermal, and optical properties is given in Sosman (see quartz refer- 
ence above); in Catalog Q-3, Fused Quartz Catalog, General Electric Company, 
Cleveland, Ohio, 1952; and in the literature of the Hanovia Chemical and Manu- 
facturing Company, Newark, N.J. For a comparison of the refractive indices of 
samples of fused silica as produced by different manufacturers, see W. 8. Rodney 
and R. J. Spindler, J. Opt. Soc. Am. 44, 677-679 (1954). 

5. Rutile, Sapphire, and Spinel. Of importance as window materials because of their 
unusual hardness and advantageous high-temperature mechanical properties. 
Most of the information on these three materials is contained in the literature of 
the Linde Air Products Company. | | 

6. Calcium Fluoride. Used as a prism material in the vacuum ultraviolet region 
down to 120u. For an evaluation of calcium fluoride as a prism material, see 
Gore et al. in lithium fluoride reference. For a comparison of its physical proper- 
ties with those of barium fluoride, see 8. 8. Ballard, L. S. Combes, and K. A. 
McCarthy, J. Opt. Soc. Am. 42, 684 (1952). | 

7. Cesium Bromide, Cesium Iodide, and Thallium Bromide-iodide. Cesium iodide 
transmits in the infrared to at least 50y; cesium bromide and thallium bromide- 
‘odide both transmit to about 40u. A comparison of the physical properties of 
these three materials is given by S. S. Ballard, L. S. Combes, and K. A. McCarthy, 
J. Opt. Soc. Am. 42, 65 (1952); 43, 975 (1953). Certain properties to be noted 
are the toxicity of thallium bromide-iodide, which necessitates care in machining 
processes of this material; the high total reflection loss of thallium bromide-iodide; 
the solubility and corrosive effects on metals of cesium bromide; the extremely 
temperature-dependent solubility of cesium iodide. 

8 Potassium Bromide, Silver Chloride, and Sodium Chloride. A comparison of the 
optical properties of potassium bromide and sodium chloride as prism materials 
is given by Gore et al. All three materials are quite soft; potassium chloride and 
sodium chloride are extremely water soluble. Silver chloride is particularly useful 
as a window material. However, it reacts with metals, and tools used on silver 
chloride should be carefully cleaned. Silver chloride windows must be coated to 
prevent darkening due to its sensitivity to ultraviolet light. 


_ 6d. Reflection! 


TABLE 6d-1. INFRARED Dirruse PEercentTAGE REFLEcTING Factors 
OF Dry PicgmMEents* 


_ 

Ss 

9 12 

Wavelength, & 2 

7 =| £8] 8 

8 SA 
0.60f 3 

0.95 | 4/ 2445]...141/...|. Iss]. Jee |. 

4.4 14 
8.8 13 
24.0 6 


A surface of ‘plate glass, ground uniformly with the finest emery and then silvered, used at an angle 
of 75 deg, reflected 90 per cent at 4u, approached 100 for longer waves, only 10 at 1, less than 5 in the 
visible red and approached 0 for shorter waves. Similar results were obtained with a plate of rock salt 


for transmitted energy when roughened merely by breathing on it. In both cases the finer the surface, 
the more suddenly it cuts off the short waves. 


* ‘Smithsonian Physical Tables,’’ 1954, Table 581. 
t Nonmonochromatic means from Coblentz. 


' Metallic reflections are discussed in Sec. 6k. ” 
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tapes 6d-2. REFLECTION COEFFICIENTS FOR VISIBLE 
MonocHroMatTic RapiaTION* 


Wavelengths, u 


Material 
0.500 0.600 
Carbon black in oil...../......2.---05+ 0.003 0.003 
Clay: | 
Kaolin (treated)....... eee ere vom 60.81 0.82 
Kaolin (untreated)............. eee 0.79 0.85 
White Georgia.... 0.0... 0c. sees ee eee 0.92 0.93 
MeCO nt jcscnovanndearpassreseee 0.98 0.99 
Magnesium oxide..........-2+ eee eee 0.98 0.99 
Paint: | 
Lithopone...... ee Bhs tag Ss - 0.98 0.98 
MgCoO;-vynal acetate lacquer Seeact ata 0.88 0.88 
ZnO-milk......... {Mean eee 0.84 0.85 
Paper: | a | 7 
Blotting....... Rahs aval a cugre ae uternaes ere 0.72 0.79 
Calendered.......cseeeeeceeeceeeees 0.69 0.73 
Crepe, green.....-. sec ee nce tee cenes : 0.49 0.19 
Crepe, Feds sos%s vances tesaes teases | 0.02 0.21 
Crepe, yellow..... icine Raroreeans Pees 60.44 0.75 | 
Newsprint stock............--++- wees 0.61 0.63 
Peach: ae | 
Crees sd ah etd dat ek wh Sewer eens 0.17 0.62 
Ripe 24 ois asee eaee sare ie eae Se .10 (0.41 
Pear: 
Creel neo de eee CRS SOT OS OSS 0.12 0.29 
RDG os Ge taawesaeaire megane 0.19 0.46 
Pigment: 
Chrome yellow.........-.62-ee eee ees 0.13 0.70 
French ochre............000+eeet e085 0.14 0.50 
Porcelain enamel: 
BIU6e conc ed ee ode ees Re SOE ER 0.10 0.05 
Orange........ ccc eee eee eee etee? 0.09 0.59 
Redo ine cate tte Sk oA CRORE SS 0.03 0. 
White) 24 cies swasiee ee eun eyes eters 0.73 0. 
Vell6W...cc0cicau see Se eehiew nes eas 0.46 0. 
Talcum, Italian............++2 eee eee 0.89 0.88 
Wheat flour........--.---- eee eee r tree? 0.87 0.94 


a ep a a a, 
* J. L. Michaelson, in ‘‘ Handbook of Chemistry and Physics,”’ 36th ed., p. 2689, Chemical Rubber 
Publishing Company, 1954-1955. 
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_. Taste 6d-3. REFLECTION COEFFICIENTS FOR INCANDESCENT LiguT* 


‘Material ye uel) easement: || Matheny 
surface | : | 
Aluminum, ‘‘Alzak”’... 2.0... .0000... | Diffusing 0.77-0.81 | 3 
Ae Bhi ira 8 sntacc teenie cy Specular 0.79-0.83 3 
On glass.........00 00... c eee ee First surface 0.82-0.86 4 
POMBHEO 66g ode dvi akon s aieo dates Specular : 0.69 3 
Black paper......................... Diffusing 0.05-0. 06 4 
Chromium.......................... Specular 0.62 4 
CO PDOR soe scott Sandu cee Pin wecte aoetn Specular 0.63 4 
2) (0 Le eee ee ee Specular 0.75 1 
Magnesium oxide.................... Diffusing 0.98 5 
Nickel............. Pee eras tre de nuh Specular | 0.62-0.64 1,3 
Platinum..... 2.00.0 .....0cc000-00.. Specular | . 0.62. 1 
Porcelain enamel..,.................. Glossy 0.76-0.79 3 
Porcelain enamel..................... Ground. 0.81 3 
Porcelain enamel..................... Matt 0.72-0.76 3... 
SUV ON east Sig hii ee aioe etn Polished — 0.93 1 
Silvered glass................ ee ee Second surface}. 0.88-0.93 3. 
DHOW siete sel oot er ee .......| Diffusing : 0.93 2 
LCE as A. Kiet bua, rears elects Sah etcad Specular : 0.55 1 
Stellite.. 0.0000... eee. Specular 0.58-0.65 4 


1. Hagen and Rubens. 2. Nutting, Jones, and Elliot. 3. J. E. Bock. 4. Frank Benford. 5. J. L. 
Michaelson. ~ ar 3 a 
* “Handbook of Chemistry and Physics,”’ 36th ed., p. 2689, Chemical Rubber Publishing Company, 
1954-1955. 
g 


6e. Glass, Polarizing and Interference Filters 


—W. A. SHURCLIFF! 
Polaroid Corporation 
_ BRUCE H. BILLINGS? 


ae Baird-Atomic, Ine. 


Ge-1. Colored Glasses. The transmission values of colored glasses are listed as 
functions of wavelength in the catalogues of various manufacturers. In the United 
States wide ranges of colored glass are available from the American Optical Company, 
Bausch and Lomb Company, Chicago Eye Shield Company, Corning Glass Works, 


1 Sheet polarizers. 
2 Interference filters. 
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and the Eastman Kodak Company. The German Jena glasses also extend over a 
wide range of transmission values. 

6e-2. Sheet Polarizers. . Sheet polarizers have several advantages over the nicol 
prism and other early types of linear polarizers. They accept a wide cone of light 
(half angle of 30 to 45 deg, for example). They are thin, light, and rugged, and are 
easily cut to any desired shape. Pieces many feet in length can be made. The cost 
is almost negligible compared with that of a nicol prism. 

If a sheet polarizer is mounted perpendicular to a beam of 100 per cent linearly 
polarized radiation, and if the polarizer is slowly turned in its own plane, the trans- 
mittance k varies between a maximum value k; and a minimum value kz according 
to the following law: | 
. k= (ki as kz) (cos? 6) + ke (6e-1) 


When such a polarizer is placed in a beam of unpolarized radiation, the transmittance 
is $(ki + ke). When two identical polarizers are mounted in the beam with their 
axes crossed, the transmittance is kik. | 

The principal transmittance values k, and k, vary with wavelength, the variation 
being different for different types of polarizers. Table 6e-1 presents data for several 
well-known types, produced by Polaroid Corporation, Cambridge, Massachusetts. 
H sheet, perhaps the most widely used sheet polarizer, is effective throughout the 
visual range; it is produced in three modifications having total luminous transmittance 
(for C.I.E. Illuminant C light) of 22 per cent (Type HN-22), 32 per cent (Type 
HN-32), and 38 per cent (HN-38). Type HN-22 provides the best extinction, Type 
HN-38 provides the highest transmittance, and Type HN-32 represents a compromise 
that is preferred in many applications. K sheet, also useful throughout the visual 
range, is particularly intended for applications involving very high temperature. 
Its transmittance is 35 to 40 per cent. HR sheet is effective in the infrared range 
from 0.7 to 2.2u. 


TABLE 6e-1. SPECTRAL PRINCIPAL TRANSMITTANCE OF SHEET POLARIZERS* 


Wavelength, 2 
e ky ke ky ke ky ke 
0.375 11} .000,005| .33|.001 | .54| .02 
0.40 -21| .000,01 | .47| .003 67 | .04 
0.45 45 | 000,003 | .68| .000,5 | .81| .02 
0.50 55 | .000,002 | .75| .000,05 | .86 | .005 
0.55 48 | .000,002| .70) .000,02| .82| .000,7 
0.60 43 | 000,002 | .67| .000,02 | .79| .000,3 
0.65 47 | .000,002| .70| .000,02| .82} .000,3 
0.7 59 | .000,003 | .77| .000,03 | .86 | .000,7 
1.0 
1.5 
6 | 
: CT 


* Data supplied: by Polaroid Corporation, Cambridge, Massachusetts. For each type of polarizer, 
the transmittance values near the ends of the useful range depend on the type of supporting sheet or 
lamination used, Also some variation from lot to lot must be expected. 
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6e-3. Narrow-band Interference Filters.1 The three types of narrow-band filters 
which are available commercially are: 

1. The solid Fabry-Perot filter with a passband of 150 A and a peak transmission 
of 35 per cent. 

2. The multilayer Fabry-Perot filter with bandwidth of 50 A and a peak trans- 
mission of 75 per cent. 

3. The polarization interference filter with a passband of + zg A or wider and a peak 
transmission of 2 to 7 per cent. 

The construction of these filters is described and the principle of their operation is 
explained. 

Fabry-Perot Filter. The solid Fabry-Perot filter was invented by Geffken and has 
recently been described by Struve.? The active elements in this filter are an evapo- 
rated layer of silver which is covered by a layer of dielectric and in turn followed by 
another evaporated layer of semitransparent silver. 

At all wavelengths at which the dielectric layer has an optical thickness of an 
integral number of half waves the filter will have a passband. The number of half 
waves corresponding to a given passband is called the order of the passband. The 
transmission of the filter can be represented by the equation 


i? 
"= Gon? + iain? 5/2 — 


where r is the reflectivity of the silver film, ¢ the transmission of the film, and 

= (4rd/d)n? ~ sin? 6 + 2y where d is the thickness of the dielectric layer, n its 
index, ’ the wavelength, y the phase shift experienced by the light at the metal 
dielectric boundary, and @ the angle of incidence. 

By inspection of the equation it is apparent that maxima occur when 6/2 = mx 
where m is an integer. _ 

There are five quantities which are of interest to the user of these filters. 

1. The peak transmission 

2. The transmission between peaks 

3. The bandwidth 

4. The separation between passbands 

5. The angular field of view 
Each of these quantities can be determined theoretically from Eq. (60-2). The peak 
transmission is 

{? 


Tmax = al _ ry? 


(6e-3) 


The minimum transmission is 
{2 


T in = a+r? 


(6e-4) 
The bandwidth of this filter is defined as the distance between the two points at 


which the transmission is 50 per cent of peak transmission. The formula for the 
bandwidth can be written 


W oa —AAmex git € = ") | (6e-5) 


where max is the wavelength of peak transmission, m is the order of the peak, and W is 
the band wena the unit of X. 


1 Bruce H. ‘Billings, Narrow Band Optical Interference Filters, Phot. Eng. 2, 2, 45-52 
(1951). 
20. Struve, Sky and Telescope, January, 1951. 
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The equation for the bandwidth can be considerably simplified if the phase shift yo 
is neglected and the bandwidth is expressed in frequency units rather than in wave- 
length units. The formula then becomes 


iL: : 
dp ~d Se Ba (6e 6) 
where dy is the bandwidth in cm—. K = 108 if nd is expressed in. Angstroms. 
The separation between passbands is given by the expression 
ee ge " (6e-7) 


2nd ~— Xmax? 


Although this separation is constant in frequency units, Eq. (6e-7) shows that in 
wavelength units successive Deceneuds in a given pau are closer together in higher 
orders. . , : : : 

Another quantity which is of interest in discussing these filters is the ratio of peak 
transmission to. minimum transmission. This is given Dy the expression 


os “eye? 


T... = (nye —F)e (6e-8) 


The angular field is defined as the angle through which the filter must be tilted to 
shift the wavelength of peak transmission a distance equal to the bandwidth. It 
can be calculated from the equation : 

ow 


Amax 


sin (Ag) = (6e-9) 
Most users of filters wish the bandwidth to be as narrow as possible, the peak trans- 
mission as high as possible, the ratio of peak transmission to minimum transmission 
as high as possible, and the separation between. passbands to be as large as possible. 
There is a certain amount of incompatibility between these different desires. From 
Eq. (6e-6), to make the bandwidth narrow, two things can be done; one is to increase 
the reflectivity and the other is to increase the thickness of the diclective layer. From 
Eq. (6e-8), however, it is apparent that the increase of thickness of the dielectric 
layer results in the passbands becoming much closer together. This particular 
technique is also rather difficult because thick dielectric layers cannot be made 
easily. After the thickness gets over four or five waves the layer usually begins to 
crack. An increase of reflectivity, on the other hand, not only gives the desired 
reduction in bandwidth but also improves the ratio of the peak transmission to the 
minimum transmission. Although it is possible to increase the reflectivity of the 
silver layer used in a standard Fabry-Perot filter, the increase is accompanied by an 
increase in absorption. This results in a reduction of the peak transmission as seen 
from Eq. (6e-3). ~ | 

The solid Fabry-Perot filters made today are an attempt to meet an effective 
compromise in the different requirements. A typical filter has the following 
characteristics: | — 

Tmax = 35% Amax = 5,461. A 
Tmin = 0.2% . W 5,461 = 150A Ad = 20° 


These numbers represent just about the best that can be done with the simple metal 
dielectric filter. 

Multilayer Filters. There are a series of techniques by which high reflectivities can 
be achieved which are lossless, i.e., which have no absorption. One of these tech- 
niques has yielded a filter which is already available commercially. This is the 
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so-called multilayer Fabry-Perot filter.1 Some of the first. research on these filters 
was done by Dr. Aldus Fogelsanger of Evaporated Metal Films Corp., in Ithaca, N.Y. 
There is very little published material on these filters. In this device the metal 
layers are replaced by a series of dielectric layers. The boundary between two 
dielectric layers is reflecting with a reflecting power of ‘perhaps 4 per cent in the case 


PILLAI TLL TTI LTT 
LILLIA LL LAA till il Lil 
EER a A EEC 
Sia ee ee aT 
PLDI TEETTTE TEPID DIET 
PTL TTL CLIT LLITTLITEL TEE ITLIILITL ETT 
WETTTTTTITITTL TLL LL TTL Ts 


npn i ame ae ee 


Fra. 6e-1. Schematic diagram of seven-layer solid Fabry-Perot filter. 
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Fig. 6e-2. Transmission as a function of wavelength. (Off-peak transmission in this filter 
is approximately 0.03 per cent.) 


of glass and air, or less for two dielectrics whose indices are close together.. The 
value of the reflectivity is given by the standard Fresnel reflection law : 
Re VES te ny — N2\? , 

| a = (2 + =) 7 7 3 | (6e-10) 
By making several layers of alternate high- and low-index dielectric it is possible to 
reinforce the reflectivity of a single boundary and build it up by multiple reflection 
to any desired value. It is necessary only that the layers be of such thickness that 
the reflections from successive boundaries are in phase. When each layer is optically 
one-fourth of a wavelength in thickness, this reinforcement takes place. A complete 
filter is sketched in Fig. 6e-1. It might consist of seven alternate layers of high- and 
low-index dielectric of a thickness of a quarter wave apiece, followed by the dielectric 
spacer which is an integral number of half waves and which is followed by seven 
more quarter wavelength layers.’ The characteristics of such a filter are shown in 
Fig. 6e-2. For a seven-layer reflection filter the reflectivity can be built up to 95 per 
cent. From Eqs.  (6e-3) to (6e-8) one would expect improvement over the metal 
filter and, in fact, the peak transmission of such a filter is as high as 80 per cent and 
the bandwidth as low as 30 A. The minimum transmission for-a filter of this type 


1H. D. Polster, J. Opt. Soc. Am. 89, 10544 (1949), 
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is only 0.03 per cent. Thus, in the first three categories listed above, this filter is 
considerably superior to the standard silver-dielectric filter. It differs from the 
standard filter in another important respect. The region in which the transmission 
is extremely low is very much smaller than in the case of the standard metal filter. 
The reason for the narrow range of usefulness lies in the construction of the filter 
itself. The multiple-dielectric layer will give constructive interference only in the 
region where the layers are close to an odd number of quarter waves thick. Where 
the layers are one-half wave thick, they will not interfere constructively and the 
transmission of the filter will be high. For a typical filter the region of low trans- 
mission is perhaps 1,000 A wide. Considering that the passband of the filter is 
only 30 A in width, this is a sizable reduction in filter requirements. Since the 
transmission is more than twice as high as the conventional filter, this device is con- 
siderably more useful for examining line sources against a continuous background. 


Fia. 6e-3. Spectrographic plate of the channel spectrum of a plate of ammonium dihydrogen- 
phosphate between crossed polarizers. 


When the emission or absorption bands which are to be examined are less than 
1 A or 2 deg in width, the advantage of the multilayer filter is decidedly noticeable. 

Polarization Filters. Another useful filter is the polarization filter of Lyot! and 
Oehman.? Although the basic characteristics of this filter have changed very little 
since it was first invented, there has been a noticeable improvement in the manu- 
facturing technique. Early units were made by individuals? as solutions to particular 
problems. 

The basic filter consists of a series of birefringent plates which are separated by 
polarizers. A simple filter might have x-cut plates of quartz as the birefringent ele- 
ments and these plates of quartz might be separated by parallel polarizing sheets. 
When a single birefringent plate is placed between parallel polarizers the transmission 


is given by the expression | - | | a 
I = cos? [ mets te | » _(6e-11) 


where n, is the extraordinary index and n, the ordinary index of the material and d is 
the plate thickness. When light is shone through such a combination into a spectro- 
graph the spectrum is seen to be crossed with a series of dark bands. Figure 6e-3 is 


1B. Lyot, Compt. rend. 197, 1593 (1933). 

2Y. Oehman, Nature 141, 291 (1938). 

3H. Pettit, Publs. Astron. Soc. Pacific 53 (309), 305 (October, 1940); J. W. Evans, 
Ciencia e invest. (Buenos Aires) III (9), 365 (1947); J. Opt. Soc. Am. 39 (3), 229-242 (1949). 
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a spectrographic plate showing the transmission of a slab of quartz 4m thick. In 
the polarization filter this first plate is placed in series with another plate whose 
thickness is half as great. This other plate will have black bands which are spaced 
at twice the distance of the bands from the first plate. The black bands from the 
second plate can thus be made to fall on every other passband of the first plate. The 
resultant of the combination will be a series of transmission bands which are separated 
by twice their width. This process can be repeated by adding more plates until the 
final transmission is a series of bands whose separation is so many times their width 
that all the bands but one can be removed with a supplementary filter such as a dye 
_ filter or a Fabry-Perot interference filter. 
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Fia. 6e-4. Transmission curves of filter plates of assembled filter. 


In Fig. 6e-4 is the transmission curve of the individual members of such a filter 
and also the transmission curve of a complete assembly of plates. The bandwidth 
of such a filter will be determined by the thickest plate. 

In the case of a 1 A passband filter at H alpha, the actual thicknesses involved can 
become quite large. For quartz and a simple filter the thickest plate will be 23.84 cm. 
This follows immediately from the formula 


0.5Amax? 
d(ne = No) 


Here W is the passband of the filter in Angstroms and ) is the position of the passband. 
This formula gives the interval between points where the relative transmission is 
50 per cent. Most of the possible applications for narrow-band filters of this type 
require linear apertures of the order of 2in. There are a few pieces of optical quartz 
in this country which are large enough to be used for making these thick plates. 
Another possible material for a birefringent filter is calcite. Here the difference 
between the ordinary and extraordinary index of refraction is considerably larger 
than in the case of quartz and as a result a piece thick enough for a 1 A passband 
filter is very much thinner. From Eq. (6e-12) the actual thickness for a filter at H 
alpha can be calculated to be 0.9388 em. However, even in calcite a 2-in.-diameter 
x-cut slab of this thickness, which will be of sufficient optical quality to make the 


W = (6e-12) 
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last plate of a birefringent filter, is essentially unobtainable. Furthermore, the price 
of such material is quite high. 

During the last few years a whole family of new crystals has been appearing. 
These crystals are being grown synthetically for the use of the electronic industry. 
One such crystal is ammonium dihydrogen phosphate (ADP), which is used in large 
Langevin plates for underwater signaling at supersonic frequencies. 

ADP has been grown in sizes so that 2-in. disks of high optical quality can be 
obtained. It is also quite inexpensive. The material does, however, have several 
fairly serious disadvantages. It is water-soluble, slightly hygroscopic, soft, and 
brittle. For a birefringent filter it is necessary that the crystal plate be made plane 
parallel to go of a retardation wave. In quartz with birefringence of 0.009 this is 
- fairly stringent. In ADP with a birefringence of 0.005 this tolerance is positively 
drastic. It is particularly difficult to maintain because of the physical limitations 
of the material. In spite of these difficulties, methods have been devised for taming 
ADP and filters are now available with a bandwidth of only 1 A at H alpha. The 
length of these filters is slightly smaller than the length of a filter of equivalent band- 
width made in quartz. It is also necessary to hold the temperature more constant 
than in the equivalent quartz filter. 

These filters have an additional feature that the passband can be shifted over a 
range of about three bandwidths on either side of the peak. This is done by rotating 
polarizers at opposite ends of the filter. A modification of the filter has been proposed 
which will enable the passband to be adjusted over a large wavelength interval.} 

The narrow bandwidth makes it possible to observe solar prominences without the 
use of an occulting disk. It is also possible to observe fine detail on the surface of 
the sun. The tunable feature makes possible the measurement of radial velocities. 
- Much of the structure on the solar disk as well as the prominences seems to have 
considerable radial velocity. 

The exploitation of each of these filters in science and industry has not yet really 
begun. It is hoped that photographic engineers will find application for these filters 
as such activity will stimulate further development and improvements in these devices. 


6f. Colorimetry 


D. L. MacADAM 


Eastman Kodak Company 


6f-1. Luminosity. Photopic Luminosity. RELATIVE PHOTOPIC LUMINOSITY (9%): 
Adopted in 1931 by International Commission on Illumination (C.1.E.) (intended to 
represent normal eyes, for fields subtending about 2 deg, having about 1 foot-Lambert 
luminance). | 

ABSOLUTE PHOTOPIC LUMINOSITY (K, lumens per watt): 680 times photopic lumi- 
nosities given in Table 6f-1. - 


1B. Billings, J. Opt. Soc. Am. 37, 738 (1947). 
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TaBLE 6f-1. PHotroric AND Scotoric Luminosity Data* 


Wavelength, | Photopic | Scotopic | Wavelength, | Photopic Scotopic 
my y V’ My y y’ 


Fen nemsemeepemmememneeneee ocel Cone ae smeeneerenescemeenen ee | Oe UU EER IREE SIRE EEeEEee 


380 0.0000 0.00059 580 0.8700 0.1212 
385 0.0001 0.00111 585 0.8163 | 0.0899 
390 0.0001 0.00221 590 0.7570 0.0655 
395 0.0002 0.00453 595 0.6949 0.0469 
400 0.0004 0.00929 600 0.6310 0.03325 
405 0.0006 0.01850 605 0.5668 0.02312 
410 0.0012 0.03484 610 0.5030 0.01593 
415 0.0022 0.0604 615 0.4412 0.01088 
420 0.0040 0.0966 620 0.3810 0.00737 
425 0.0073 0.1436 625 0.3210 0.00497 
430 0.0116 0.1998 630 0.2650 0.003335 
435 0.0168 0.2625 635 0.2170 0.002235 
440 0.0230 0.3281 640 0.1750 0.001497 
445 0.0298 0.3931 645 0.1382 0.001005 
450 0.0380 0.4550 650 0.1070 0.000677 
455 0.0480 0.5129 —655 0.0816 0.000459 
460 0.0600 0.5672 660 0.0610 0.0003129 
465 0.0739 0.6205 665 0.0446 0.0002146 
470 0.0910 0.6756 670 0.0320 0.0001480 
475 0.1126 0.7337 675 0.0232 0.0001026 
480 0.1390 0.7930 680 0.0170 0.0000716 
485 0.1693 0.8509 685 0.0119 0 .0000502 
490 0.2080 0.9043 690 0.0082 0.00003533 
495 0.2586 0.9491 695 0.0057 0 .00002502 
500 0.3230 0.9817 700 0.0041 0.00001780 
505 0.4073 0.9984 705, 0.0029 0.00001273 
510 0.5030 0.9966 710 0.0021 0.00000914 
515 0.6082, 0.9750 715 0.0015 0 .00000660 
520 0.7100 0.9352 720 0.0010 0.00000478 
525 0.7932 0.8796 725 0.0007 0.000003482 
530 0.8620 0.8110 730 0.0005 0.000002546 
535 0.9149 0.7332 735 0.0004 0.000001870 
540 0.9540 0.6497 740 0.0003 0.000001379 
545 0.9803 0.5644 745 0.0002 0 .000001022 
550 0.9950 0.4808 750 0.0001 0.000000760 
555 1.0002 0.4015 755 0.0001 | 0.000000567 
560 0.9950 0.3288 760 0.0001 0.000000425 
565 0.9786 0.2639 765 0.0000 0.000000320 
570 0.9520 0.2076 770 0.0000 0000000241 
575 0.9154 0.1602 775 0.0000 0.000000183 
780 = | we, 0.000000139 


* Optical Society of America, ‘“‘The Science of Color,’”’ p. 309, Thomas Y. Crowell Company, New 
York, 1953. 
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LUMINOUS FLUX (lumens): 
770 
F= > PK) 
d=380 


for spectral distribution of radiant energy, P, (watts per 5-my-wavelength band). 
LUMINOUS TRANSMITTANCE: 
X=770 
™P)Ky 
_ 4 =380 
4=770 
P\Ky 
= 380 
X»=770 
TrP¥G 
A =380 
A=770 
Pyy 
A= 380 


or t= 


for material with spectral transmittance 7) irradiated with spectral distribution P). 
LUMINOUS REFLECTANCE r: Substitute spectral reflectance p, for 7, in either of 
above. 
SELECTED ORDINATES P;: At wavelengths given in Table 6f-2, these are such that 


30 
680 
F = “30 » P; 
i=1 
30 


a0 ) (rP); 
=1 
30 


o~ 
Il 


3 
I 


gs) @P): 
t=1 


Revisions of photopic relative luminosity data, recommended in 1951 by the United 
States Technical Committee on Colorimetry of C.1.E.: 


370myz | 380 390 400 410 
0.0001 | 0.0004 ; 0.0015 | 0.0045 | 0.0093 


420 430 440 450 
0.0175 | 0.0273 | 0.0379 | 0.0468 


These revisions have not been adopted by C.I.E. 

Scotopic Luminosity. RELATIVE VALUES V’ (Table 6f-1): Adopted in 1951 by C.I.E. 
(intended to represent normal eyes of young subjects, age <30, when observing at 
angles of not less than 5 deg from foveal center, under conditions of complete dark 
adaptation). 

INTERNATIONAL PHOTOMETRIC STANDARD: Black body at temperature (2042°K) of 
solidification of platinum, has intensity of 60 candles per square centimeter for both 
scotopic and photopic conditions. 
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TaBLe 6f-2. WavELENGTHS FOR SELECTED ORDINATES* 


Ordinate | Photopic Scotopic 
No. 1 luminosity | luminosity 


Ordinate | Photopic Scotopic 
No. 2 luminosity | luminosity 


| tt 


1 469.7 16 561.0 504.7 
2 | 493.1 17 564.6 507.9 
3 504.6 2 18 568.3 511.1 
4 512.1 .0 19 572.0 «614.4 
5 518.0 .0 20 575.9 517.8 
6 522.9 3 21 579.9 521.2 
7 527.4 2 22 584.1 524.8 
8 531.6 vk 23 588.5 528.6 
9 535.5 9 24 593.3 532.6 
10 539.3 9 25 — 598.5 537.0 
11 543.1 26 604.3 541.9 
12 546.7 27 611.0 547.6 
13 550.3 28 619.1 554.6 
14 553.9 29 629.9 564.1 
15 557.4 30 649.7 581.8 


* “The Science of Color,” pp. 273, 312. 


ABSOLUTE SCOTOPIC LUMINOSITY Kj: 1,746 times scotopic luminosities given in 
Table 6f-1. 

SCOTOPIC LUMENS, SCOTOPIC LUMINOUS TRANSMITTANCE, AND SCOTOPIC LUMINOUS 
REFLECTANCE: Substitute K,, V’, or wavelengths for selected ordinates for scotopic 
luminosity (Table 6f-2) in formulas for corresponding photopic quantities. 


6f-2. Colorimetry 


Standard Color-mizxture Data. C.I.E. standard observer for color measurement is 
determined by the specifications for the equal-energy spectrum, as given in Table 
6f-3. The chromaticity coordinates (also known as trichromatic coefficients, or tri- 
linear coordinates) listed are ratios such that x +y+z=1. The tristimulus values 
are the amounts of three colors necessary to match equal energies of the indicated 
wavelengths. The value of 7 given in the table is the standard luminosity function 
or relative luminosity. 


TRISTIMULUS VALUES: | 
A\=770 


X = 680 > Pz 


A =380 
A4=770 


Y = 680 > P)g = F (lumens) 


’ =380 
A=770 


Z = 680 > Pz 
A= 380 


for spectral distribution of radiant energy P, (watts per 5 mu wavelength band). 
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TaBLe 6f-3. THE STANDARD OBSERVER 


Wave- Chromaticity coordinates Tristimulus values. 
length, of the spectrum of the spectrum 

My x y Z g (rel. lum.) z 

380 0.1741 0.0050 0.8209 .0014 0.0000 0.0065 
385 0.1740 | 0.0050 0.8210 0022 0.0001 | 0.0105 
390 0.1738 0.0049 0.8213 0042 0.0001 0.0201 
395 0.1736 0.0049 0.8215 0076 0.0002 0.0862 
400 0.1733 | 0.0048 0.8219 0143 0.0004 ~ 0.0679 
405 0.1730 0.0048 0.8222 0232 0.0006 0.1102 
410 0.1726 0.0048 0.8226 0435 0.0012 0.2074 
415 0.1721 0.0048 0.8231 0776 0.0022 0.3713 
420 0.1714 0.0051 0.8235 1344 0.0040 0.6456 
425 0.1703 0.0058 -| 0.8239 2148 0.0073 1.0391 
430 0.1689 0.0069 0. 8242 2839 0.0116 1.3856 
435 0.1669 0.0086 0.8245 3285 0.0168 1.6230 
440 0.1644 0.0109 0.8247 3483 0.0230 1.7471 
445 0.1611 0.0138 0.8251 .3481 0.0298 1.7826 
450 0.1566 0.0177 0.8257 3362 0.0380 1.7721 
455 0.1510 0.0227 0.8263 3187 0.0480 1.7441 
460 0.1440 0.0297 0.8263 2908 0.0600 1.6692 
465 0.1355 0.0399 0.8246 2511 0.0739 1.5281 
470 0.1241 0.0578 0.8181 1954 0.0910 1.2876 
475 0.1096 0.0868 0.8036 1421 0.1126 1.0419 
480 0.0913 0.1327 0.7760 0956 0.1390 0.8130 
485 0.0687 0.2007 ‘0.7306 0580 —60.1693 0.6162 
490 0.0454 0.2950 0.6596 0320 0.2080 0.4652 
495 0.0235 0.4127 0.5638 0147 0.2586 0.3533 
500 0.0082 0.5384 0.4534 0049 0.3230 © 0.2720 
505 0.0039 0.6548 0.3413 .0024 0.4073 © 0.2123 
510 0.0139 0.7502 0.2359 .0093 0.5030 0.1582 
515 0.0389 0.8120 0.1491 0291 0.6082 0.1117 
520 0.0743 0.8338 0.0919 0633 0.7100 0.0782 
525. 0.1142 0.8262 0.0596 1096 0.7932 0.0573 
530 0.1547 0.8059 0.0394 . 1655 0.8620 0.0422 
535 0.1929 0.7816 0.0255 2257 0.9149 0.0298 
540 0.2296 0.7543 0.0161 2904 0.9540 0.0203 
545 0.2658 0.7243 0.0099 3597 0.9803 0.0134 
550 0.3016 0.6923 0.0061 4334 0.9950 0.0087 
555 0.3373 0.6589 0.0038 5121 1.0002 0.0057 
560 0.3731 0.6245 0.0024 5945 0.9950 0.0039 
565 0.4087 0.5896 0.0017 6784 0.9786 0.0027 
570 0.4441 0.5547 0.0012 7621 0.9520 0.0021 
575 0.4788 0.5202 0.0010 8425 0.9154 0.0018 
580 0.5125 0.4866 0.0009 9163 0.8700 0.0017 
585 0.5448 0.4544 0.0008 .9786 0.8163 0.0014 
590 0.5752 0.4242 0.0006 .0263 0.7570 0.0011 
595 0.6029 0.3965 0.0006 0567 0.6949 0.0010 


*D. B. Judd, J. Opt. Soc. Am. 28, 359 (1933). 
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TaB_e 6f-3. Toe Stanparp ORSERVER* (Continued) 


_ Chromaticity coordinates Tristimulus values 


Wave-- of the spectrum of the spectrum 
length, . 
My x y Zz z ¥ (rel. lum.) Zz 
600 0.6270 0.3725 0.0005 1.0622 0.6310 0.0008 
605 0.6482 0.3514 0.0004 1.0456 0.5668 0.0006 
610 0.6658 0.3340 0.0002 1.0026 0.5030 ~ 0.0003 
615 0.6801 0.3197 0.0002 0.9384 0.4412 0.0002 
620 0.6915 0.3083 0.0002 0.8544 0.3810 0.0002 
625 0.7006 0.2993 0.0001 0.7514 0.3210 0.0001 
630 0.7079 0.2920 0.0001 0.6424 0.2650 0.0000 
635 0.7140 0.2859 0.0001 0.5419 0.2170 0.0000 
640 0.7190 0.2809 0.0001 0.4479 0.1750 0.0000 
645 0.7230 0.2770 0.0000 0.3608 0.1382 0.0000 
650 0.7260 0.2740 0.0000 0.2835 0.1070 0.0000 
655 0.7283 0.2717 0.0000 0.2187 0.0816 0.0000 
660 0.7300 0.2700 0.0000 0.1649 0.0610 0.0000 
665 0.7311 0.2689 0.0000 0.1212 0.0446 0.0000 
670 0.7320 0.2680 0.0000 0.0874 0.0320 0.0000 
675 0.7327 0.2673 0.0000 0.0636 0.0232 0.0000 
680 0.7334 0.2666 0.0000 0.0468 0.0170 0.0000 
685 0.7340 0.2660 0.0000 0.0329 0.0119 0.0000 
690 0.7344 0.2656 0.0000 0.0227 0.0082 0.0000 
695. 0.7346 0.2654 0.0000 0.0158 0.0057 0.0000 
700 0.7347 0.2653 0.0000 0.0114 0.0041 0.0000 
705 0.7347 0.2653 0.0000 0.0081 0.0029 0.0000 
710 0.7347 0.2653 0.0000 0.0058 0.0021 0.0000 
715 0.7347 0.2653 0.0000 0.0041 0.0015 0.0000 
720 0.7347 0.2653 0.0000 0.0029 0.0010 0.0000 
725 0.7347 0.2653 0.0000 0.0020 0.0007 0.0000 
730 0.7347 0.2653 0.0000 - 0.0014 0.0005 0.0000 
735 0.7347 0.2653 0.0000 - 0.0010 0.0004 0.0000 
740 0.7347 0.2653 0.0000 | 0.0007 0.0003 0.0000 
745 0.7347 0.2653 0.0000 0.0005 0.0002 0.0000 
750 0.7347 0.2653 0.0000 0.0003 0.0001 0.0000 
155 0.7347 0.2653 0.0000 0.0002 0.0001 0.0000 
760 0.7347 0.2653 0.0000 0.0002 0.0001 0.0000 
765 0.7347 0.2653 0.0000 0.0001 0.0000 0.0000 
770 0.7347 0.2653 0.0000 0.0001 0.0000 0.0000 
775 0.7347 0.2653 0.0000 0.0000 0.0000 0.0000 
780 0.7347 0.2653 0.0000 0.0000 0.0000 0.0000 
Totals | 21.3713 21.3714 21.3715 
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TABLE 6f-4. STANDARD ILLUMINANTS* 

A. Gas-filled tungsten incandescent lamp of color temp. 2845°K. 

B. Lamp as above in combination with a filter composed of a layer 1 cm thick of 
each of two separate solutions B, and Be, contained in a double cell of colorless optical 
glass. 

Solution B,: 


Copper sulfate (CuSO4-5H20)......-...-- 60. eee eee id 2.452 g 
Mannite (C.H,(OH) 6) eae a er ee ee ee ee 2.452 g 
Pyridine (CsH;N).......--- 22. see etter eet ‘30.0 ce 
Distilled water to make...........- 556.0 ee eee ee eee 1,000 cc 
Solution Be: 

Cobalt ammonium sulfate (CoSO.-(NH,)2SO0.-6H20)... . 21.71 g 
Copper sulfate (CuSO1-5H20)..........---6-- ++: ... 16.11 g 
Sulfuric acid (density 1.835).....---..----+ seer trees 10.0 cc 
Distilled water to make...........---0 000 eee eens .... 1,000 ce 


C. Lamp as in A in combination with a filter composed of a layer 1 cm thick of 
each of two separate solutions C; and C2, contained in a double cell made of colorless 
optical glass. | 

Solution Ci: 3 
Copper sulfate (CuSO.-5H20)....... eee ere re | 3.412 g 


Mannite (CsHs(OH)e)......-.---- ssh dee ante Gee Bede eat aaa cae 3.412 g 
Pyridine (CsH;N).........0--. 020 cree eee eens eee 30.0 ce 
Distilled water to make........---- 22+ 5s eee ener 1,000 cc 
Solution C's: | : 

Cobalt ammonium sulfate (CoSO.-(NH,)250.-6H20).... 30.580 g 
Copper sulfate (CuSOu-5H20)........--- 22 eee ee 22.520 ¢g 
Sulfuric acid (density 1.835)...........-. 06. e eben ees 10.0 ce 
Distilled water to make............0.6.00 22 eee eee e ees 1,000 cc 


* Recommendation of the International Commission on Illumination, 1931, as revised 1951. 


For material with spectral transmittance 7): 
| X=770 
TPE 


»= 380 
x »=770 


PyG 
h=770 
TrPy¥ 
\ =380 
h=770 
Py¥G 


»A = 380 
\ =770 


hel 
| 
| 


TPZ 


\ = 380 
~ =770 


PG 
» = 380 


Relative values of P, are sufficient for determining tristimulus values X, Y, Z of 
material. For reflecting materials, substitute p for 7, in above formulas. 
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TRISTIMULUS COMPUTATION DATA FOR STANDARD sourcEs: A (tungsten lamp at 
2854° color temperature); B (artificial sunlight, about 4880° color temperature, Table 
6f-4); and C (artificial daylight, about 6740° color temperature). For any standard 
source and any material with spectral transmittance 7, or spectral reflectance p) 


tristimulus values based on data in Table 6f-5 are: 


\=770 A\=770 

X = 1075 » T(ZP) or 1075 pr (ZP)y 
A= 380 A = 380 
; ’= 760 A= 760 

Y = 10-5 (GP), or 10-5 pr(gP)y 
| = 400 = 400 
A= 620 A = 620 

Z=1075 > 7 (2P)) or 1075 pr(ZP) 
4 =380 A =380 


Luminous transmittance t = 


Y. Luminous reflectance r = Y. 


TRUNCATED TRISTIMULUS COMPUTATION DATA: For use when 7, (or ax) are measured 
only in region 400 to 700 mz. In place of the corresponding values shown in Table 
6f-5, use the following values, and sum only from 400 to 700 mu. 


Ct A Ee grey 


Source A. Source B Source C 
A, Mp = 
=P gP zP ZP gP zP =P gP zP 
400 40 4 198 113 2 532 166 2 791 
410 48 2 223 154 6 741 240 9 1143 
420 270 8 1297 834 24 4001 1269 37 6098 
680 804 292 478 175 384 138 
690 0 0 0 0 0 0 
700 834 300 417 149 312 114 


Tristimulus computation data for black-body sources at 1000°K, 1500°K, 1900°K, 
2360°K, 3000°K, 3500°K, 4800°K, 6000°K, 6500°K, 7000°K, 8000°K, 10,000°K, 
24,000°K, and infinite temperature, for five phases of natural daylight and for three 
commercial sources of artificial daylight, are tabulated in “The Science of Color.’’! 

SELECTED ORDINATES: 7x1, Ty:, Tzi at wavelengths given in Table 6f-6, and factors 


Fx, Fy, Fz are such that 
+=30 


X =Fy » TX 


t=] 


For reflecting sample, substitute pxi, py:, pz: for rxi, TYi, TZi- 


1 Pp. 268-271, Thomas Y. Crowell Company, New York, 1953. 
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TABLE 6f-5. TRISTIMULUS COMPUTATION Dara For STANDARD SOURCES* 


C.L.E. standard source A 


Wave- |(Planck 2854°, cz = 1. 438) C.L.E. standard source B/C.I.E. standard source C 


length, 
My 
#P gP zP £P 

380 Gl Sunes 6 3 ‘14 
390 Bil! waa. fs 23 13 
400 19 1 93 56 
410 71 2 340 Q17 
420 262 8 | 1,256 812 
430 649 27 | 3,167 | 1,983 
440 926 61 | 4,647 | 2,689 
450 1,031 117 | 5,485 | 2,744 
460 1,019 210 | 5,851 | 2,454 
470 776 362 | 5,116 | 1,718 
480 428| 622 | 3,636 870 
490 160 | 1,039 | 2,324 295 
500 27| 1,792 | 1,509 44 
510 57 | 3,080 969 81 


560 5,510 | 9,222 36 | 5,840 
570 | 7,571 | 9,457 21 | 7,472 
580 | 9,719| 9,228 18 | 8,843 
590 |11,579| 8,540 12 | 9,728 
600 |12,704| 7,547 10 | 9,948 
610 |12,669| 6,356 4 | 9,436 
620. |11,373| 5,071 3 | 8,140 
630 8 980| 3,704 | ..... 6,200 
640 | 6,558| 2,562 | ..... 4,374 
650 4,336| 1,637 | ..... 2,815 
660 | 2,628} 972] ..... 1,655 
670 1,448; 530] ..... 876 
680 go4{ 292] ..... 465 
690 404 146|..... 220 
700 209 75 ates 108 
710 110 4O | ..... 53 
720 57 10 cgetenk 26 
730 28 10 | ..... 12 
740 14 6|..... 6 
750 6 Oc eak 2 
760 4 7 ee 2 


770 7 le ee ee 
* D, B, Judd, J. Opt. Soc, Am. 28, 359 (1983). 


Ordinate 


No. 


27 


28 
29T 
30 


Factors: Fx, 


Fy, Fz 
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TaBLE 6f-6. SELECTED ORDINATES FOR STANDARD SouRcEs* 


Source A 


Az; 


* MIT, “Handbook of Colorimetry,’’ Techn 


416. 
424. 
429. 


432. 
436. 
438. 


441. 
443. 
446. 


448. 
450. 
452. 


454. 
456. 
458. 


460. 
462. 
464. 


467. 
469. 
471. 


474. 
476. 
479. 


483. 
487. 
492. 


499. 
508 - 
526. 


Source B 
AX; Xx Y; Az, 
428.1] 472.3] 414. 
442.1| 494.5] 422. 
454.1] 505.7| 427. 
468.1] 513.5] 480. 
527.8| 519.6] 433. 
543.3} 524.8] 435. 
551.9| 529.4] 487. 
558.5| 533.71 439. 
564.0] 537.7] 442. 
568.8| 541.5] 444. 
573.1] 545.1] 446. 
577.1| 548.7] 448. 
580.9| 552.11 450. 
584.5| 555.5] 451. 
588.0| 559.0] 453. 
591.4| 562.4] 455. 
594.7| 565.81 457. 
598.1/ 569.3] 459. 
601.4| 572.9| 461. 
604.71 576.7| 463. 
608.1| 580.6] 466. 
611.6| 584.7] 468. 
615.3] 589.11 470. 
619.1] 593.9] 473. 
623.3| 599.1| 476. 
628.0| 605.0| 480. 
633.4] 611.8] 484. 
640.1} 619.9] 490. 
649.21 630.9] 498. 
666.3| 650.7] 515. 


ology Press, Cambridge, 1936. 


6-59 


aS | ners | errant forte, | | fee fa | 


Source C 

AX; : AY; XZ; 

424. 465.9| 414.1 
435. 4s9.4| 422.2 
443. 500.4| 426.3 
452. 508.71 429.4 
461. 515.1] 482.0 
474. 520.6| 434.3 
531.2} 525.4] 436.5 
544. 529.8] 438.6 
552. 533.91 440.6 
558. 537.7| 442.5 
564. 541.4| 444.4 
568. 544.9] 446.3 
573. 548.4] 448.2 
577. 551.8| 450.1 
581. 555.1] 452.1 
585. 558.5| 454.0 
588. 561.9| 455.9 
592. 565.31 457.9 
596. 568.9] 459.9 
599. 572.5| 462.0 
603. 576.4] 464.1 
607. 580.5| 466.3 
610. 584.8] 468.7 
615. 589.6| 471.4 
619. 594.8] 474.3 
624. 600.8! 477.7 
629. 607.7] 481.8 
636. 616.1] 487.2 
645. 627.3] 495.2 
663. 647.4] 511.2 


0.03661 | 0.03333 | 0.01185 | 0.03303 | 0.03333 | 0.02842 | 0.03268 | 0.03333 | 0.03938 


} Abbreviated set for use with only slightly selective samples. In such cases, multiply factors by 3. 
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TABLE 6f-7. STANDARD COORDINATE SYSTEM 
The tristimulus system of color specification is based on four chosen stimuli con- 
sisting of homogeneous radiant energy of wavelengths 700.0, 546.1, and 435.8 my 
and of standard illuminant B (see Table 6f-4). 
To establish the system of specification, coordinates are assigned as follows: 


Stimulus x y P 
700.0 mp..............+2+2-++{| 0.73467 0.26533 0.00000 
BAG ie ute tea haa eae 0.27376 0.71741 ~ 0.00883 
435.8 myp................+2---| 0.16658 0.00886 0.82456 
Standard source B............ 0.34842 0.35161 0.29997 


Wavelengths for selected ordinates for black-body sources at intervals of 100° from 
2000 to 4000°K and at 5000°K, 6000°K, 7000°K, 8000°K, 10,000°K, and infinite 
temperature, and for five phases of natural daylight and three commercial sources of 
artificial daylight, are given in ‘‘The Science of Color.’’! 

Chromaticity Coordinates. Horizontal coordinate x = X /(X +Y+2). Vertical 
coordinate y = Y/(X + Y+2Z). (Ref. Table 6f-7) 


C.I.E. standard source A..............00006- 0.4476 0.4075 


C.I.E. standard source B.................45- 0.3485 0.3516 
C.I.E. standard source C............. 050006. 0.3101 0.3163 
Mean noon sunlight at Washington, D.C...... 0.3442 0.3534 
Overcast sky (typical)...........-.....0005. 0.3134 0.3275 
Clear sky (typical zenith).................-.. 0.2631 0.2779 


DOMINANT WAVELENGTH: Wavelength corresponding to intersection of spectrum 
locus with straight line drawn from point representing light source through point 
representing light reflected from (or transmitted by) sample. 

COMPLEMENTARY WAVELENGTH: Wavelength corresponding to intersection of spec- 
trum locus with straight line drawn from point representing light from sample, 
through point representing light source (used when dominant wavelength is not 
determinate). 

puRITr: Ratio of distance from source point to sample point, compared with 
distance from source point to point on spectrum locus representing dominant wave- 
length (or, in case that dominant wavelength is not determinate, ratio of distance 
from source point to sample point compared with distance from source point to 
collinear point on line joining extremities of spectrum locus). 

Color difference between two samples (x1, yi, 71) and (2X2, Yy2, 72): (Table 6f-9) 


Ar\? 14 
AS = | gaat + 2gqiohz Ay + goo Ay? + gaz (*) | 


where Ax = 100(22 — x1), Ay _ 100(y2 oe Y1); Ar = 100(re2 = 1), j= (ri + ro) /2. 
For sharp dividing line and samples subtending about 2 deg, gs: = 1. For less 


1 Op. cit., pp. 278-291. 
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TABLE 6f-8. CHRoOMATICITY COORDINATES OF Buack BopiEs 
(Co = 1.488 cm °K) 


T, °K x y T, °K x y 

1000 0.6526 0.3446 3400 0.4109 0.3935 
1500 0.5856 0.3932 3500 0.4053 0.3906 
1600 0.5731 0.3993 3600 0.3997 0.3879 
1700 0.5609 0.4043 3700 0.3945 0.3849 
1800 0.5491 0.4083 3800 0.3896 0.3823 
1900 0.5377 0.4112 3900 0.3847 0.3794 
2000 0.5266 0.4133 4000 0.3804 0.3767 
2100 0.5158 0.4146 4500 0.3607 0.3635 
2200 0.5055 0.4152 5000 0.3450 0.3516 
2300 0.4956 0.4152 5500 0.3324 0.3410 
2400 0.4860 0.4147 6000 0.3220 0.3317 
2500 0.4769 0.4137 6500 0.3135 0.3236 
2600 0.4681 0.4123 7000 0.3063 0.3165 
2700 0.4597 0.4106 7500 0.3003 0.3103 
2800 0.4517 0.4086 8000 0.2952 0.3048 
2900 0.4441 0.4064 8500 0.2907 0.2999 
3000 0.4368 0.4041 9000 0.2869 0.2956 
3100 0.4298 0.4015 9500 0.2836 0.2918 
3200 0.4232 0.3989 10000 0.2806 0.2883 
3300 0.4170 0.3962 20000 0.2565 0.2577 

ee) 0.2399 0. 


well-defined dividing line, gs; may be considerably less; e.g., for 5-deg separation 
between large samples gs; 0.005. For extremely small samples, contrasted with 
color of their background, gs; & 0.5 and gi1, 2912, go2 are about 1 per cent of the values 
given in Table 6f-9. 

LOCALLY UNIFORM PORTION OF CHROMATICITY DIAGRAM (in neighborhood of z, y: 
Plot z values with length of scale unit: U(gi:)?; y values with length of scale unit: 
U(g22)4; with angle cos—! g:2/(g11922)4 between scales; where gii, 912, gee are values 
at z, y, and U is arbitrary constant. 

NEAREST CHROMATICITY C' (selected from continuous series represented by smooth 
locus L) most nearly matching chromaticity C,, near but not on L, is at intersection 
of LZ and straight line through Ci with slope: m’ = —(gi, + giom) /(gi2 + goom) 
where m is slope of L in neighborhood of C; and gi, gi, g22 are values at C4. 

Color-mizture Data. Amounts of R, G, B of any red, green, and blue primaries 
(at Xr, Yr; Lo, Yo; Tb, ys) Necessary to match color specified by tristimulus values X , Y, 2: 


R = Cil(1 — Asg)X — (Aso + Moy) ¥ — AryZ] 
G = C[(a + ma)X + (an — 1)Y + asZ] 
B= C3[(Arg + Mrg)X + (Arg —-1)Y+ ArgZ | 


where = Muy + Ab, is line through (2s, ys) and (29, Yo) 

y = mx + a,» is line through (2, ys) and (z,, yr) 

Y = Mrgt + Grg 18 line through (2,, y-) and (2, yg) 
and C1, C2, C's are constants, evaluated by determining values of R, G, B; X, Y, Z for 
one color, 
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TABLE 6f-9. CoEFFICIENTS FOR EVALUATION OF CoLOoR DIFFERENCE 


0.7 22 17 28* 
0.6 23 18 30 69* 
0.5 24 21 33 63 es a 
0.4 26 27 40 39 37 33* 
0.3 30 57 128 47 28 18 14* 
0.2 73 160 182 62 38 24% 15* 
0.15 112 270 170 67 42* 30* 
0.1 210* 380 158 70* 46* 35* 
0.05 420* 385 150* 
2912 
0.7 15 5 =9* 
0.6 18 7 —9 = 93* 
0.5 21 8 —11 —28 —33* 
0.4 28 8 —24 —38 —40 —40* 
0.3 44 5 —135 —65 — 53 —49 —47* 
0.2 65 —65 — 260 —91 —67 —58* —55* 
0.15 71 —130 — 260 —99 <2 74" —63* 
0.1 60* — 235 — 260 — 120* —80* —68* 
0.05 0* —360 —260* 
Pn rane Le me ean er eo: em Rt oy arene te PENT | ely eed Re eee 
. | 922 | . ; 
0.7. 5 2 1* | | | 
0.6 7 3 2 
0.5 11 5 5 
0.4 20 7 10 
0.3 32 13 61 72* 
0.2 55 28 102 90* 
0.15 90 36 118 
0.1 250* 63 140 


0.05 | 450* 150 160* 


* Entries marked with star in this and in Tables 6f-10 and 6f-11 are for chromaticities beyond domain 
of real colors, but are useful for interpolations. Approximate values for intermediate chromaticities 
may be determined by tabular interpolation. Contour diagrams permitting more accurate interpola- 
tion were published by MacAdam, J. Opt. Soc. Am. 33, 18-26 (1943). . 
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TABLE 6f-10. Maximum Possispute Luminous Erricrency (K,,) 
(In lumens per watt of sources having indicated chromaticities) 


ee —nenentnin | nnemnrineererrenanestntirtanire eee | rman | pentane | ten rmevenrrenweneris * ff petenerttere | ene een Pe eter eennnreae apnea 


0.7 

0.6 670* 

0.5 590 610* 

0.4 605 500 480* 

0.3 — 385 370 320 226* 
0.2 255 185 

0.1 


* See footnote following Table 6f-9. A contour diagram permitting more accurate interpolation 
than Table 6f-10 was published in ‘‘ The Science of Color,’’. p. 308, Thomas Y. Crowell Company, New 
York, 1953. 


Tasie 6f-11. Maximum Possipte Luminous REFLECTANCE 
[For samples having indicated chromaticities when illuminated 
by standard source C (top) and A (bottom)] 


0.4 : 0.5 | 0.6 | 0.7 


rc (or tc), % 


0.7 31 61 

0.6 34 60 76 0* 

0.5 34 63 84 96 77* 

0.4 32 | 68 92 | 87 60 42* 

0.3 27 70 90 65 40 24 12*  - 
0.2 17 39 48 | 35 14 | 
0.1 o* 17 15 


Ta (or ta), % 


0.7 

0.6 22 0* 

0.5 20 67 83 77* 

0.4 18 48 71 86 64* 

0.3 14 27 36 52 38 21* 
0.2 i van 

0.1 


*See footnote following Table 6f-9. Contour diagrams permitting more accurate interpolation 
than Table 6f-11 were published in ‘‘ The Science of Color,’’. pp. 310, 311, Thomas Y. Crowell Company, 
New York, 1953. . 
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6g-1. Black-body Radiation. These tables contain various radiation functions 
derived from the Planck function 
Wa, T) = 


C1 
A5(ec2/AT — 1) 


where W(a, 7) is defined as the power radiated per unit wavelength interval at wave- 
length \ by unit area of a black body at temperature T°K. cz was taken to be 
1.438 cm °K. The constant c; does not enter into the functions here tabulated. 
The maximum value of W(a, T) is given by 


Wmax(T) = 1.290 X 10787 watt cm~? wo! 


while the Stefan-Boltzmann function is given by 


is W dd = 5.679 X 1071274 watt cm~? 


6g-2. Optical Pyrometry (Narrow-band Radiation). When an optical pyrometer 
which has been calibrated to read the true temperature of a black-body source is 
sighted on a nonblack source, it reads values of “brightness temperature” Tr(a, T) 
lower than the true temperature 7°K. Brightness temperature is related to true 
temperature through the following formula, which is derived from Planck’s formula: 


Ine, T) =2 ae =) 


where c. = 1.438 cm °K (international temperature scale of 1948) 

e(A, 7’) = emissivity of the source at wavelength \ and temperature T 

Commercial radiation pyrometers, although broad-band, do not utilize the com- 
plete spectrum of radiant energy. Hence there is no simple formula for precise 
calculation of the effect on temperature readings of varying emittance of the source. 
Table 6g-10 was calculated using the relation 


T apparent (°K) 


T (°K) = an 


where ¢, is the total emissivity. It may be used to estimate approximate corrections 
in radiation pyrometry. 
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RADIOMETRY 


Tape 6g-1. BLack-Bsopy RapiaTIon FUNCTIONS 


Soe ce oe oe oe | 


1 


979 X 107? 
396 X 107? 
862 X 10-2 
379 X 107? 
946 X 10-? 
561 X 107? 
225 X 10°? 
935 X 107? 
690 X 107? 
011 X 107 
405 X 107! 
834 X 107! 
282 X 107} 
736 X 107! 
185 X 107? 
621 X 107} 
040 X 107! 
438 X 107} 
813 X 107! 
164 X 107! 
492 X 107 
796 X 107} 
079 X 107! 
341 X 107! 
583 X 107! 
807 X 107} 
013 K 107} 
204 X 107 
381 X 107} 
544 X 107! 
641 XK 107} 
713 X 107! 
780 X 107! 
843 X 1071 
901 X 107 
956 X 107! 
007 X 107 
100 X 107 
143 XK 107! 
319 X 107! 
451 * 107 
551 X 107} 
629 X 107} 
690 < 107! 
738 X 107! 
777 X 107 

808 X 107} 
834 X 107! 
856 X 107! 


PRee Ales 6 SIN 16 <6 ee A a ee ee ee ee ee ce ea ee es oe ee ee ee OOO 


1 
1 
2 
2 
3 
3 
4 
5 
5 
6 
1 
1 
1 
2 
2 
3 
3 
4 
4 
4 
5 
fy) 
5 
6 
6 
6 
6 
7 
7 
7 
7 
7 
7 
7 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 


—2 


Wa, T) 
Wax(T) 
032 * 107} 
457 X 107} 
892 X 107! 
332 X 107! 
772 X 107! 
208 X 107! 
636 X 1071 
053 XK 107} 
455 X 107! 
840 X 1071 
169 X 107! 
126 X 107! 
712 X 107! 
972 X 107! 
971 X 107! 
771 X 1071 | 
432 X 107} | 
999 X 107} 
612 X 107! 
997 X 107! 
475 X 107! 
961 X 107 
464 X 107} 
990 X 107! 
043 X 107! 
125 X 107! 
735 X 107! 
375 X 107! 
042 X 107! 
735 X 107} 
453 X 107! 
193 X 107} 
956 X 107 
737 X 107} 
537 X 107! 
304 X 107! 
185 & 1071 
030 X 107! 
888 X 107! 
758 X 107! 
638 X 107} 
528 X 107! 
426 X 1071 
332 X 107! 
246 X 107! 
166 X 107! 
093 X 107 
024 X 107! 
613 X 107? 
029 X 10°? 
679 X 10-2 
035 X 10-2 
862 X 10-2 
007 X 10-2 
375 X 1072 
899 X 1072 
536 X 10 
255 X 107? 
035 X 107? 
612 X 1073 


YOGA 1 te 8 eS Co as ee an eS ee a es ee ON SO 


3 
3 
3 
4 
4 
5 
5 
6 
6 
6 
8 
9 
9 
9 
9 
9 
9 
8 
8 
7 
7 
6 
6 
5 
5 
5 
4 
4 
4 
3 
3 
3 
2 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
9 
9 
6 
5 
3 
3 
2 
1 
1 
1 
1 
8 


SBeSeoeoooeeoee ee eee eee ee ee ee i ee ee eed ee ae ee ee OOS 


i eT 1 a TO ER Ue ee ee ee ae eerie 
<i SS SBS SSS SSS SS SSS gs oo ggg qo ggg ogee eee eee eeeeesegL 
rR |e XX XXX KX XK KX KKK KKK KX KKK KKK KK XK KK KKK KX KXK KKK KKK KKK KK KK KKK KK KK KKK 
A 8 OD SSO AORN RRSP SB BPYAOPOANH HE HO 919 18 HOM MOOANROASODHNHINOCKAIS 
WS S155 iS BO SBD SAN ROI DBI ADDONS IS BABBAA 1D D9 OA Ooo HOA OR HAH RES EANLS 
TS /F2 AB 00 09S © 1 1 69 69 0 19 HR 09 09 mt SF OB 20D BGO SA ORG OD SIS BS O88 RO SEN ROBHABAN IS 

LEN ER MOOD AON OD SHED DD AHL OD HO 0 NOD CO SHI OH OOS HID ONO RRM MON NOOR Ae disk el 
CLELLELCLELLLELILLELELLILIU Lyre eee eter t et 
ies SSS SS SSS SS SSSSS SSS oOo og ggg sy eee eee eeeeessebed 
| & XXX KKK XXX KKK KX KX KKK KX KKK XXX KKK KKK KKK KKK KKK KKK KKK KKK KKK KKK KK KKK 
ned Ma Soy HS Had 18 BO SOD 00 HID 19 PD NOR AE HHI NATH OD MONMAMIDOMOHHOOAMDROHODROONA 
Fe | BR a oP Be SRSTEEMN AWM OAR WOAGOAHGO NL BDOHOOROD LOAM O SASSER GRA SAN 
STIPE 10 SNA OII MN ORDOMO SN AORN AMD HAO OH AID 0D AOS ODD AND DOS SRLNBOYN 


2 
4 
7 
1 
1 
2 
3 
5 
7 
1 
1 
1 
2 
3 
4 
6 
7 
1 
1 
1 
2 
2 
3 
3 
4 
5 
6 
8 
9 
1 
{1 
1 
1 
2 
2 
2 
3 
3 
4 
4 
5 
6 
7 
8 
8 
9 
1 
1 
1 
1 
1 
2 
3 
5 
7 
9 
1 
1 
1 
2 
2 


(OSS SSS ee ee a a ee re ee eee ee ty ee ee 
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eel 


nem | cee fhe 
I 
rn 


5.679 < 10722 
3.549 x 10-9 
5.679 X 10-8 
2.875 X 1077 
9.086 X 10-7 
4.600 X 1078 
1.454 xX 1075 
3.549 x 1075 
7.360 X 1075 
1.364 1074 
2.326 X 1074 
3.726 * 1074 
5.679 * 1074 
8.315 xX 1074 
1.178 x 10-3 
1.622 * 1073 
2.181 X 1073 
2.875 < 10-8 
3.722 * 10-8 
4.743 x 107-3 
5.961 X 1073 
7 
9 
1 
1 
1 
1 
2 
2 
3 
3 
4 
4 
5 
5 
6 
7 
8 
9 
1 
1 
1 
1 
1 
1 


TABLE. 6g-2. Tota, BLacK-BopY RaDIATION 


[wa 
0 


watt em? 


401 X 1073 


.086 X 1073 
.105 X 107? 
.831 X 107? 
.590 107? 
.885 * 1072 
2.218 X 107? 
.595 X 107? 
.018 & 107? 
491 < 1072 
.017 X 107? 
.600 X 1072 
).245 X 107? 
.955 X 107? 
.735 X 107? 
.589 1072 
.622 X 1072 | 
538 X 1072 | 

.065 X 107 


184 x 1073 
.314 X 1071 
454 X 1071 
605 X 1071 
768 X 107} 


OPTICS 


Wrax(T); 


watt cm-?2 po! 


SHEE ONO RWWNNE EEE OAT RWNHEH HE OORWNHENRN HE RHE WR OR BH 


030 X 10712 | 
290 & 10729 | 
794 & 107° | 
.127 x 10-9 
.134 & 1078 

.821 x 1077 | 
.030 X 107? 
.003 x 10-8 
.168 x 1078 
226 X 107° 
.616 X 10-8 
.290 X 10-5 
.077 X 10-5 
.209 X 1075 
.789 X 107-5 
.936 X 10-5 
.794 * 10-8 
.352 X 1074 
.831 1074 
.437 < 1074 
.194 <* 10-4 
.127 x 1074 
.267 X 1074 
.647 X 1074 
.301 X 10-4 
.027 < 10-3 
.260 X 1073 
.532 xX 107-3 
.851 X 1078 
.220 X 1073 
.645 < 1073 
.134 X 1073 
.692 X 10-3 
.828 & 1073 
.047 x 10-3 
.860 < 1073 
.774 X 1078 
.799 X 1073 
.944 X 1073 
.022 X 10-2 
.164 107? 
.821 X 107? 
.494 X 107? 
.686 X 107? 


17, °K 


430 
440 
450 
460 


470 | 


480 
490 
500 
520 
540 
560 
580 
600 
620 
640 
660 
680 
700 


720 | 


740 
760 
780 
800 
820 


840 |. 


860 
880 
900 
920 
940 
960 
| 980 
| 1000 
| 1020 
| 1040 
| 1060 
| 1080 
| 1100 
| 1120 
| 1140 
1160 
1180 
1200 
1220 
1240 


OOnNoahRRWWWNHN DWN et 


[va 
a] 


watt cm 


.942 * 107} 
.128 X 107 
.3828 X 107! 
.542 & 107! 
771 X 107} 
.015 X 107! 
.274 X% 107! 
.5649 X 107 
.152 X 107 
.829 X 107 
.585 X 107 
.426 X 107} 
.3860 X 107} 
.392 X 107} 
.527 X 1071 


078 
215. 
364 
527 
.708 
895 
.102 
326 
567 
827 


406 
726 
069 
434 
824 
239 
679 
147, 
644 
170. 
726 
315 
937 
591 
10.29 - 
11.01 
11.78 
12.58 
13.43 


OMWMWINAAMNARARRWWWNHNNNHE EEE EY 


106 


Wmax(T), 
watt cm-? yo! 


.896 X 10-? 
127 XK 107? 
.3880 XK 107? 
.656 X 107? 
.958 XK 107? 
.286 XX 107? 
.643 x 107? 
.030 X 107? 
.904 * 107? 
.922 X 107? 
.103 * 107? 
.465 X 107? 
.003 * 107} 
-182 X 107} 
.385 XK 107 
.615 K 107 
.875 K 107! 
.168 X 107 
.496 X 107! 
.862 K 107} 
.270 X 107! 
.724 X 107) 
.226 XK 107! 
782 X 107) 
.394 X 107} 
.067 X 107) | 
.806 X 107} 
.616 XK 107} | 
.5600 X 107! | 
.465 X 107} 


.052 | 
. 166 
. 290 
424 
. 569 
126 | 
.895 
077 
.273 
483 — 
. 709 
.951 
. 209 
486 
781 
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TaBLe 6g-2. ToraL BuAcK-BopyY RADIATION (Continued) 


14 


[yp wa, 
0 


watt cm~?2 


32 
15. 
16. 
17.25 


25 
22 


Wrax(T), 


watt cm~? p=! 


4.096 
4.431 
4.789 
5.169 
5.572 
6.001 
6.455 
6.936 
7.446 
7.986 
8.556 
9.158 
9.794 
10.46 
11.17 
11.92 
12.70 
13.52 
14.39 
15.30 
16.26 
17.26 
18.31 
19.42 
20.57 
21.78 
23 .05 


T, °K 


[wa 
0 


watt cm? 


ODNOMMNNONHDNBDNORE 


6-67 


Wmeax(T’), 


watt cm~? yo! 


PORONMNANOHNON 


31 
.29 
.27 
.67 
47 
.O1 
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TABLE 6g-3. TotTaL NorRMAL EMISSIVITY 


Material 


Aluminum, annealed (electropolished).............. 


Aluminum oxide layer: 
Ob ete sod ies, i acl ea ee nag Se ee ae 
OSGm thick: 2403 o464 Seiden aati set wae es Rh had 
TO TICK af oe ve Sh cold Sed Ae Ag oo le eae os 
2 Op abn oe so SE eS Ae Se HS ER es 
Oia GIN sei ecdiccrla- eet hte baad Oh he es BR ROE oe Sean 
4.0u thick......... etait aterg ad eae ere weaendceatt 
OW CHIC 64 cay he eats Rape cd aden ge dates SAowaateeh x 
Aluminum lacquer layer: 
Oso uthick ste io sant. alee SGaieon ear na teenie ewes 
TWO wa iCk ss. ce eho eh siein ace Bhs 8. Cole aren as 
Leb eADICK 3, 6 soe Mee eee ee Gad aes doses 
DOW INI Kins haem eed Stalwonse ds hae s ket ae 
BOL VMIC Rs 2 tock Say cot oot ae Bh er es 
AO tHe les scarce hatkise ad Sach en Reeth hee Ae Bee 
DOPAMCK cin agas oooh snd vedoueumen Medes age. 
8.00 CHICK cer eset ae aeons oe be aoe eal 
Aluminum: | 
Commercial plate.............. faction oe 
Commercial plate, polished....................... 
Commercial plate dipped in HNQO;................ 
Commercial plate dipped in hot hydroxide.......... 
Al vaporized on 0.0005-in. Mylar plastic (both sides) 
ATCIMONY 3s cies ites ota ieee hee ees Be aed 
Bist Ut: espe ee Ane Cea SSS eos C8 Males 


Brass: 
POMSHCO a3 :nteted & ab pa eek Baa ee ase eared Sa 
PROM CG BUC les acne, chk erie adh Ry Goa ete DE Oh baa VI eae 


Shit Stock65/ 35.7 eu6i054 wees der al een gt oes 


Ox1d1260 sie oe alates Sie io ee Saee ee 


Electroplate (mossy).......... 5.00.00: e ee eee eee 
CHYOMINIM Acc ehie ele ee hag BR ee ia ind a oe 
Plated on copper........... 00. . ee cece eee eens 
Plated On dON. <4 cd een blend PES R Oe ee os. 
Cobalecc hn ah bat hates 4A a et be see ce 


300-1000 
300 
370 
295 


Emissivity 


(total normal) 


S6:6'o.6eS 


cooosoce 


Socoooocoocos 


oooc °& 


ooooooeo.? 


en 


07 

04 

03 

018 (76°K) * 
O11 (4°K) 


06 
11 
30 
65 
70 
70 


75 


.05 


.08 
.15 
.30 


38 
41 
.45 
57 


09 

05 

05 

04 

.04 (76°K)* 
.28 

3 

.06-0.19 


03 

06 

029 (76°K)* 
.018 (4°K) 


03 (76°K)* 
08-0. 26t 
08 (76°K)* 
08 

03 
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TaBLE 6g-3. Toran NorMat Emisstvity (Continued) — 


Terni: Emissivity 
Material OK (total normal) 
En 
a i ed 
Copper: | 
Black oxidized................0..00.00--00--22222.. 300 0.78 
Seraped................ Dee re en eee eae 300 0.07 
Commercial polish............................... 300 0.03 
Electrolytic, careful POMSIbs 5 hi 24.D olen 64 eve ee whe 353 0.018 
Electrolytic, careful polish........................ 295 0.015 (76°K)* 
Chromic acid dip................................ 295 0.017 (76°K)* 
Polished............. ee et en ee ee eee 295 0.019 (76°K) * 
Liquid honed................................... 295 0.088 (76°K) * 
Electrolytic polish............................... 295 0.006 (4°K) 
Mechanical polish............................... 295 0.015 (4°K) 
Carefully prepared surface of pure Cu.............. 295 0.008 (90°K) 
(6) (¢ [eee ae nea ee aN Pe ado See hk A coat wh ark ae 300-1400} | 0.02-0.03t 
0.0015-in. foil (on glass or Lucite plastic)........... 295 0.01 (76°K)* 
0.0005-in. foil (on glass or Lucite plastic)........... 295 0.016 (76°K)* 
0.000040-in. foil (on glass or Lucite plastic)......... 295 0.023 (76°K) * 
0.000010-in. leaf (on glass or Lucite plastic)......... 295 0.063 (76°K)* 
Au vaporized onto 2 sides of 0.0005-in. Mylar plastic 295 0.02 (76°K)* 
Au plate 0.0002 in. on stainless steel (1% Ag in Au).. 295 0.025 (76°K)* 
Au plate 0.0001 in. on stainless steel (1% Ag in Au) 295 0.027 (76°K)* 
Au plate 0.00005 in. on stainless steel (1% Ag in Au) 295 0.027 (76°K)* 
Au plate 0.0002 in. on copper (1% Ag in Au)....... 295 0.025 (76°K)* 
EPI OMUIN 6 athe dsiaeh ced die seeds oak Bato niet eee odie eda 295 0.04 
Iron: | 
Electrolytic......0.00 0000000 cece cee ee eee. 450-500 0.05-0.065t 
533 0.07 
373 0.05 
295 0.05 
300 0.017 (90°K) 
ORDO vor td ods techy Sin dae eee a ces cee toh tos ee 3.0 1500 0.89 
, 373 0.74 
Cast iron, polished.............................. 311 0.21 — 
Cast iron, oxidized...........0.00.00.000 0000000005. 311 0.63 
Cast iron, oxidized.............................. 533 0.66 
Cast iron, oxidized.............................. 811 0.76 
Iron sheet, rusted red............................ 295 0.69 
Galvanized iron.........0..... 000 c ccc ccc eee ee ee. 365 0.07 
Steels: 
Stainless, polished............ eee ree oe 373 0.08 
Stainless, type 302............................. 300 0.048 (76°K)* 
Stainless, oxidized............................. 300-1000 | 0.79t 
Lead: 
Unoxidized, polished............................. 400-500 0.057-0.075t 
Unoxidized, polished............................. 373 0.05 
0.004-in. foil... 2... cee eee. 295 0.036 (76°K)* 
295 0.011 (4°K) 


— ———— 
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Tape 6g-3. Toran Norma Emissivity (Continued) 


Emissivity 
Material (total normal) 
Een 
Oxidized at: 473° Kos Se ee eee es Sb aw 0.63 
Gray oxidized...........5. 0000 e eee cee eee nes 0.28 
Red lene ce eee hee a ike ag 0.93 
Magnesium......... 0.00 c cece ee tee tte teenies 0.07 
0.13 (295°K) 
0.18 (295°K) 
0.21 (295°K) 
Manganin, bright rolled.............--- Ser er 0.048 
0.076 (295°K) 
0.073 (90°K) 
Mercury.... 22. eee e eee eee eee eet eee tee tet ee nes 273-373} | 0.09-0.12f 
Molybdenum... ..... 2.0. e eee e eee ee ete e ee eeeees 2300 0.24 
1800 0.19 
1300 0.13 
373 0.07 
295 0.05 
Nickel: 
Electrolytic........ ccc cece cere cnet ee et ee eeeees 811 @.10 
7 533 0.07 
311 0.06 
295 0.04 
PolishOs. pice hee RMR RES eee REESE A SSeS eS 395 0.045 
Bright matte........ Ud acoder Rane eae een Le wees 395 0.041 
O:004sins 1Ollii So te ee en ea ee eee aoe s 295 0.022 (76°K)* 
Electroplated on iron and polished. . aiecea sacar 298 0.045 
Electroplated on pickled iron and sinpolished: 295 0.11 
Electroplated on copper...........-2 20st eee eres 300 0.03 (76°K) * 
OxidIZ6d . 2 ip hte ee he Ae eet eae AOR SER ee ne 1500 0.85 
ORIGIZE so op ak ee RRO REEDS GH Gel HSE ea SS 500 0.37 
PaAllad Mie ook hee eee eds e wie sees eee 295 0.03 
PAINT eek Rb eh Ode ees ee Eh es eo ews 1367 0.18 
811 0.10 
533 0.06 
373 0.05 
295 0.03 
290 0.016 (85°K) 
ROC ieeseo bk ee Oe A he eee ie ees 295 0.05 | 
Plated on stainless steel......... cece cece eee eee ees 295 0.078 (76°K)* 
SIV ER occa oe titers dw ea Owes EO dal wa ON ESS 811 0.03 
373 0.025 
295 0.022 
273 0.02 
295 0.008 (76°K)* 
Tantalum... .. cc ccc ccc cece cere cere eer eet eeeeseees 2300 0.26 
1800 0.21 
295 0.05 


RADIOMETRY 


TaBLE 6g-3. Tota, NormaL Emissivity (Continued) 


Material oK 
a 
Pe Mari ics .15.05 ttre aedielow ice sciedee Bg adeka ickieud 295 
IR he iets cast thant See gd, octets tte akan ois edt al 373 
OO Met FO 9s 6 es ies a Began Sng bts este atin gts, ue 295 
295 
Fo UI tte Bras stevie suse a Oe ree bacsdnatatdedad atts ats 295 
DO 7p MN CUUMN Aye ois cd sas Aaah ea Galadeabs depivetes, oe'45 ae 295 
Tinned iron sheet. .........00 00... cc cc cece cece ee. 297 
Tungsten, filament.... ........................... 2300 
1800 
1300 
800 
500 
300 
300 
AVY eee Renee ee ee ee 295 
295 
Solder, 50-50 solder on Cu.............ccccccccccce. 295 
CCINGG a 2h. dor ee acai ne ehh «hea aie vette on 293 
Monel metal: : 
POUBHOCG Ye ois tangas te we tet Meum dh hu dacea te Bes 811 
| 1367 
Smooth, not polished....................0..0--.. 366 
Her dury QU 6 iene Sisco. a questi, Sadao eeavte alien 366 
Copper-nickel sa4.eei 4d dbx ne wieobed ei Wh osud weaeun’ 373 
WAURE xcs cesta Seah idsaye su Raed 8 8 ahd ee Ree ae tact eA t 273-373 
Ice: 
Smooth, MO vss dae Gav waccaeles ou les kuabadeeols 273 
Rough crystals.........000 0000. e ec cee ee. 273 
OI ABS os cA atyarern tgs gd Saad lotus Geese ih eis a beset otieies 293 
Lacquer: 

WGC elias eatiha ici otters acu ke viuunwind aise Aetonals 373 
Black matte.......0..000 00 0c cece cece ccc eeeee 373 
Oil paints, all colors......................0.0...... 273-373 
FUEL Cig ele ale Booed acer Maer cca cht, debe iotins vets nh eaten: 295 
Candleso0 bei odo ae ib. des duseruwe < beawinns Rok ateaiedens, 273-373 
| Gd U1) Gena aE ce ee ee eT eae es OO 273-373 
Usd: ) 6] Se ame ene ae Oe eR 373 
Rubber, hard, glossy plate.......................... 297 
Quartz (fused)...... 00.0000 ce cece ee 295 © 


* ¢, determinations. 
t Liquid phase. 
} Linear interpolation fairly accurate. 
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Emissivity 
(total normal) 
En 


0.05 

0.013 (76°K)* 
0.012 (4°K) 
012 (4°K) 
017 (4°K) 
064 

28 

23 

15 

088 

053 

032 

.019 (85°K) 
05 

.026 (76°K) * 
032 (76°K)* 
11 


.10 (295°K) © 
.16 (295°K) 
16 

11 

059 | 
.92-0.96t 


eooceo 


.96 
. 985 
.94 


oo ° 


925 
97. 
92-0. 964 
.90-0.95 
952 

91 

92 

0.945 
0.932 


oooocooce 
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AOU os ee es he eee la eee an Se : : .12)/0.08'0 


TaBLe 6g-4. NorMaL SPECTRAL EMISSIVITIES aT 295°K 
(Wavelength in microns) 


Material 0.50| 0.60] 0.80] 1.0 | 2.0 | 3.0 | 4.0 | 5.0 | 7.0 | 9.0 


ATitIMONY 244 6545-0548 $6 eee eee ee 
Bismuth..........e cece eee eee efor efe reefer sede e  -(0.52)0.28)..../0. 20)... ./0. 20)... .-].. 
Cad wilt. i450 da ieee seek dels eee ese ewes 
CHromitims < s.i.sasoves eee sas 0.45)0 
Cobaltucti242 sade eenes areeig es al etde taal eles 
COppeP sos sieh tase eae eas eek 0.56/0. 
Copper, electrolytically deposited |0.47/0. 
Copper, commercially pure.... . .|0.56/0. 
Gold... ccc cc ccc ce eee ee eee eben eee eee {ee. -[O-62)..../0.08)..../0.02)....)0.02).....).... 
Gold, electrolytically deposited . .,0.53/0 
Graphite. cot accesest eee ws 0.78,0 
TAG 10 isso a Rs ES eS eee wes 
DOT Ro oe RES GES eS 0.4510.43]..../0.35/0. 22/0. 16/0. 12}0.09|0.07/0.06).....].... 
LO8d boo eee es bo ee Soa |e ea ae oes era lees eae ees OB) ae 5 (OS O0O Te cacee et 
Magnesium. ....6...205seeeeees 0.28/0. 
Molybdenum...........+..+--- 0.55)0. 
INT CeO telling 8 Elon gee aries Sey Wee ed eae We deo See ee alate AiG 
Nickel, electrolytically deposited |0.39)/0. saan Os : : ; ; ; ODM st ace ts Be 
Palladiuii ssid ou 24 hone eeesee dee eee es 
Platinum «dn564 e8. d eee ek eee eee 
Platinum, electrolytically 

deposited.............200005- 0.42/0.36|....|0. 27/0. 20/0. 11/0.09|0.06)0.05)....).....-]...-- 
RAGd1U iis. ocho bee eee ea 0.24/10 
Sili@O 6 soos os hae eee Oa aks 0.66/0 
SUV er 244. tue as Mee as eS 0.10|)0.07|....j0.04|....j/0.03;....}0.08)..../0.01)..... 
Silver, chemically deposited..... 0.09]....|....10.03/0.02}/0.02)....)....]....].... F 
Tantalum........-.-- 0250s eee 0.6210. A : ; ; : ‘ ; .O6}..... 
TelluriMas 62866 ees ee eee eae] ee 
PG os as, Sek A PECL OSE PEE Ae Be 
Tungsten. sci cede den ctw eee Pena 0.50/0. 
Vanadliii.- 64 6s k ini er Pee 0.43)0. 
TAO Ok ii a8 ee eS oN EER ROR OAS SS ollOwwelanes 
Mach’s magnalium 

(69 Al + 31 Mg)............. 0.17)0. ... 40.16)... .J0.138)....]0.11)....)0.10]).....).... 
Steel untempered............... 0.45)0. ee ele : ; 23 Oe : BOR vice Hoe hb ctor: 6 
Stellites ic liswaeeshesoe ees ees 0.36 : ; : ; Py OVI Zaks 
Brass, Trobridge.............--tee-- YOON os cits oa 


Basic References j 


L. 


2. 
3. 


Hottel’s table from McAdams, ‘Heat Transmission,” 3d ed., McGraw-Hill Book 
Company, Inc., New York, 1954. | 
Smithells, ‘Metals Handbook,”’ Interscience Publishers, Inc., New York, 1949. | 
T. S. Holden and J. J. Greenland, Report R. 6, ‘The Coefficient of Solar Absorp- | 
tivity and Low Temperature Emissivity of Various Materials,’’ A Review of 
Literature to 1951. Commonwealth Scientific and Industrial Research Organi- 
zation, Division of Building Research, Victoria, Australia. 

E. Schmidt and L. Furthmann, Mitt. Kaiser-Wilhelm, Inst. Eisenforsch. Dusseldorf 
109, 225 (1928). (Contains comprehensive bibliography.) 


_ G. B. Wilkes, “Heat Insulation,’ John Wiley & Sons, Inc., New York, 1950. 


R. B. Dingle, Physica 19, 311-347 (pt. I, 1953); 348-364 (pt. II, 1953); 729-736 
(pt. III, 1953); 1187-1199 (pt. IV, 1953). 
M. M. Reynolds and M. M. Fulk, unpublished data, NBS, AEC, CEL. 


“International Critical Tables.”’ 
M. Jakob, ‘‘Heat Transfer,” vol. 1, John Wiley & Sons, Inc., New York, 1949. 


G. Ribaud, Traité de pyrométrie optique, Rev. opt., 1931. 


. Landolt-Bérnstein tables. 
. “Temperature—Its Measurement and Control in Science and Industry,”’ Reinhold 


Publishing Corporation, New York, 1941. 


RADIOMETRY 6-73 
Taste 6g-5. SpecrraL Emissivity or MATERIALS, 
SurracE UNOXIDIZED, FOR \ = 0.65p* 


Element Solid Liquid Element — Solid | Liquid 
Beryllium....... 0.61 0.61 | Thorium................ 0.36 | 0.40 
Carbon.........| 0.80-0.93 | | Titanium................| 0.63 | 0.65 
Chromium...... 0.34 0.39 | Tungsten................ 0.43 
Cobalt.......... 0.36 0.37 | Uranium................ 0.54] 0.34 
Columbium..... 0:37 0.40 | Vanadium............... 0.35 | 0.32 
Copper......... 0.10 0.15 | Yttrium................. 0.35 | 0.35 
Erbium......... 0.55 0.38 | Zirconium............... 0.32] 0.30 
Gold fg ans 0.14 0.22 |Steel.................... 0.35 | 0.37 
Tridium......... 0.30 — | Cast iron................ 0.37 0.40 
Tries jet es ee 0.35 0.37 | Constantan.............. 0.35 
Manganese..... 0.59 0.59 | Monel.................. 0.37 
Molybdenum... 0.37 0.40 {| Chromel P (90 Ni, 10 Cr).| 0.35 
Nickel.......... 0.36 © 0.37 | 80 Ni, 20Cr............. 0.35 
Palladium...... 0.33 0.37 {60 Ni, 24 Fe, 16 Cr....... 0.36 
Platinum....... 0.30 0.38 | Alumel (95 Ni; bal. Al, 

Rhodium..:.... 0.24 0.30 | Mn,Si............... 0.37 
Silver.......... 0.07 0.07 | 90 Pt, 10 Rh............. 0.27 


* American Institute of Physics, ‘‘Temperature, Its Measurement and Control in Science and 
Industry,’’ p. 1313, Reinhold Publishing Corporation, New York, 1941. 


6g-3. Emissivity of Solids 


én = total normal emissivity (emission of radiant energy of all wavelengths normal to 
the specified surface divided by the corresponding emission from a black body) 

«, = total hemispherical emissivity (emissivity for radiation into a hemisphere cen- 
tered on the normal to the emitting surface) . 

a = total absorptivity (fraction of energy incident on a surface which is absorbed: 
quantities a, and a, analogous to e, and e, may be distinguished) 

r = reflectivity (fraction of incident energy which is reflected) 

T = temperature 


€h 


| 


For metals: = (1.05-1.33) (most metals & 1.2) 


For nonmetals: ha (0.95-1.05) (most nonmetals = 0.98) 


nm 


Emissivities increase with surface roughness and, for metals, increase with work- 
hardening, addition of impurities, or formation of contaminating surface films such as 
oxides. An emissivity value followed by a temperature means absorptivity at that 
temperature for the black-body radiation of temperature in the °K column. Other 
values, not separately identified, were calculated from reflectivity data. At equi- 
librium (emitter and absorber at the same temperature) we have 


(=a=1-—-nr)r 


The above relation would not strictly apply if the absorbing surface and the source 
of radiation were at different temperatures, because the distribution of energy with 
wavelength changes with the temperature of the radiating source, and the emissivities 
of materials vary with the wavelength of the radiation. 
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TaBLe 6g-6. SpecTRAL EmissivITY OF OXIDES, FOR. A = 0.65y* 


pana he € Range of Probable value for 
Material observed the oxide formed 
values on smooth metal 
Aluminum oxide...............0005005- vies 0.22-0.40 0.30 
Beryllium oxide................ staid etaioeaets 0.07-0.37 0.35— 
Cerium oxide............-00-00055 weeee eee... | 0.58-0.80 
Chromium oxide................-.- eae ak 0.60-0.80 0.70 
Cobalt Oxides 6.2 ected ogee tbe eee ate sees Pl! Gngepal wend nea 0.75. 
Columbium. oxide..........--....-.045. eta — 0.55-0.71 0.70 
Copper Oxide sseiace ate Reece eohees - .§.60-0.80 0.70 
Tron: Oxide. heen se 28 Select ee ee 0.63-0.98 0.70 | 
Magnesium oxide...............- ee re ere | .0.10-0.43 0.20 
Nickel oxide.............-- eaten: Loins 5 Ute 5 St 0.85-0 .96 0.90 
Thorium oxide........ bs os blir, Bacar weine 0.20-0.57 0.50 
POX cial chin Sewer oR Gee eae sae eee 0.32-0.60 | 
Titanium oxide.......... ae Se atk sagthe el aaah aseeieaiaae tiles Mee deghiotet ae ae 0.50 
Uranium oxide....... A ie dtm Oh Se eee are ne eer 0.30 — 
Vanadium oxide................ canted Siecvinnce & ee — 2 erek ee ede 0.70 
Vt triuht OXIdE 14:2 addi toot ast ees eiee is 4), eae creas 0.60 
TirveOniUiM.OXldGs <6 iss oan Se Ree GE 0.18-0.43 0.40 
Alumel (oxidized). ..........00 02 ec e eee cee ef cece eee 0.87 
Cast iron (oxidized)........ buinCeuadoasnh Mie Geel aed ee 0.70 
Chromel P (90 Ni, 10 Cr) (oxidized)...........)  .-.----5- 0.87 
80 Ni, 20 Cr (oxidized).............0 2.5050 e ef weer eee ~ 0.90: 
60 Ni, 24 Fe, 16 Cr (oxidized)................) sees reese 0.83 
55 Fe, 37.5 Cr, 7.5 Al (oxidized)...... eRe e (Sete tle calle 0.78 
70 Fe, 23 Cr, 5 Ail, 2.Co (oxidized)....... ce eee ee 0.75 
Constantan (55 Cu, 45 Ni) (oxidized).........., 0 ..+-.---- 0.84 
Carbon steel (oxidized).............000 00 cee ee | cee ees 0.80 
Stainless steel (18-8) (oxidized).............-.-) sees eee 0.85 
| | 0.25-0.50 


Porcelain...... Fc ae ee ee re er ren re eee 


I 
The emissivity of oxides and oxidized metals depends to a large extent upon the roughness of the 
surface. In general, higher values of emissivity are obtained on the rougher surfaces. 
* American Institute of Physics, ‘‘Temperature, Its Measurement and Control in Science and 
Industry,’’ p. 1313, Reinhold Publishing Corporation, New York, 1941. 
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Tasie 6g-7. Totat Emissivity of Merats, Surrace Unoxipizep* 
Material ) : 500°C 1000°C 1500°C | 2000°C 


Aluminum...... 0.022. 05 0.060 


Cobalt......... 0.23 
: | (Liquid 0.15)| 0.19 0,24 


0.19 0.24 


0.21 0.26 


0.23 0.28 
Zinc........... (0.05 at 300°C) | | 
Brass.......... 0.035 0.035 

Cast iron.......{  ..... 0.21 | ..... (Liquid 0.29) 
Steel.........../ 2.2.0. 0.08 | ..... (Liquid 0.28) 


#*:A merican Institute of Physics, ‘‘Temperature, Its Measurement and Control in Science and 
Industry,” p. 1314, Reinhold Publishing Corporation, New York, 1941. 


TABLE 6g-8. RELATION BETWEEN BRIGHTNESS TEMPERATURE AND TRUE 
TEMPERATURE FOR Various VALUES OF SPECTRAL 
EMISSIVITY AT \ = 0.65u* 


Brightness temp., °C....| 800 1000 | 1200 | 1400 | 1600 | 1800 | 2000 


a ee 
True temp., °C 


Emissivity ¢ (0.65) 


982 1265 1567 1846 | 2236 2609 3011 
934 1194 1467 1752 | 2054 2370 | 2704 
909 1156 1413 1681 1958 2248 | 2549 
891 1130 1377 1632 1895 2168 | 2451 
867 1095 1329 1567 1813 2064 2320 
850 1071 1296 1525 1757 1995 | 2236 
837 1053 1272 1493 1717 1944 2174 
827 1039 1252 1467 1685 1905 | 2125 
819 1027 1236 1447 1659 1872 | 2087 
812 1017 1222 1429 1636 1844 | 2054 
805 1008 1210 1413 1617 1821 2025 


COntoahwanseeK CO 
Coocooocoeunuon 


* American Institute of Physics, ‘‘Temperature, Its Measurement and Control in Science and 
Industry,’’ Reinhold Publishing Corporation, New York, 1941. 
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TaBLEe 6g-9. RELATION BETWEEN APPARENT AND TRUE TEMPERATURE 
ror VARIOUS VALUES OF THE ToTaL EmissiviTy* 


Apparent 
temp.,°C | 100 


wee ee th So a SS SS ee 


200 | 400 | 600 | 800 | 1000 | 1200 | 1400 | 1600 | 1800 


zo True temp., °C 
emissivity & 


i 


| 422 | 686 | 1137 | 1567 | 1993 | 2317 | 2841 | 3264 | 3687 | 4110 
316 | 536 | 913 | 1275 | 1632 | 1989 | 2345 | 2701 | 3057 | 3413 
264 | 460 | 799 | 1126 | 1449 | 1771 | 2093 | 2415 | 2736 | 3058 
231 | 410 | 725 | 1029 | 1330 | 1629 | 1929 | 2228 | 2527 | 2827 
189 | 347 | 630 | 904 | 1175 | 1446 | 1717 | 1987 | 2258 | 2528 

823 | 1075 | 1327 | 1579 | 1830 | 2082 | 2333 

146 | 278 | 523 763 | 1002 | 1240 | 1478 | 1716 | 1954 | 2192 

132 | 255 | 489 718 | 945 | 1173 | 1400 | 1628 | 1855 | 2082 

121 | 238} 461 680 | 900 | 1119 | 1337 | 1556 | 1775 | 1993 

113 | 223 | 437 649 | 861 | 1073 | 1284 | 1496 | 1707 | 1919 

106 | 211 417 623 | 828 | 1034 | 1239 | 1445 | 1650 | 1855 


osososoesces 
WCONOARhWNHH OS 
oooooooo nod o 

pad 

o> 

nS 

oO 

© 

aj 

or 

o> 

QO 


* American Institute of Physies, ‘‘Temperature, Its Measurement and Control in Science and 
Industry,’’ Reinhold Publishing Corporation, New York, 1941. 
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TaBLe 6g-10. Erricrencies or ILLUMINANTS* 


Lamp Rating, or specification Eff Ab. eff 
Acetylene................ 1.0 liters /hr 0.67 | 0.0010 
Are, electric: 

Carbon, enclosed d-c... :| 6.6 amp opal globe and reflector 5.9 | 0.0087 
Carbon, open d-c....... 9.6 amp clear globe | 11.8 | 0.0173 
‘High intensity.......... 150 amp bare arc 18.5 | 0.0272 
Magnetite d-c.......... 6.6 amp 21.6 | 0.0318 
Gas burner, open flame... .} Bray high pressure 0.22 | 0.00032 
Gas mantle, incandescent: 
High pressure.......... 0.578 lumens/Btu /hr 2.0 0.0030 
Low pressure........... 0.350 lumens/Btu/hr 1.2 0.0018 
Incandescent electric car- 
~. bon filament: 
BirstCOMMENcial voce ce gall Ogtnediae rede Gee biled de ewe es hake 1.6 | 0.0023 
Squirted cellulose... 0.) 0... eee ec cece eeceee 3.3 0.0048 
MSC ANZ CG ies ctia an ctaeh GN Mette te ekes hou eid alta tan cletesike ans aetbones 4.0 0.0059 
Tungsten filaments: 
Vacuum............... 25 watt 120 volt (1,000 hr life) 10.6 0.0156 
Gas-filled.......00.00... 40 watt 120 volt (1,000 hr life) 11.6 | 0.0171 
Gas-filled.............. 60 watt 120 volt (1,000 hr life) 13.9 | 0.0204 
Gas-filled.............. 100 watt 120 volt (750 hr life) 16.3 | 0.0239 
Gas-filled............., 1,000 watt 120 volt (1,000 hr life) 21.6 | 0.0318 
Gas-filled.........0.0.., 5,000 watt 120 volt (75 hr life) 32.8 | 0.0482 
Fluorescent lamps: 
General line............ 20 watt standard warm white (T12) | 50.0 | 0.0735 
General line............ 40 watt standard warm white (T12) | 64.0 | 0.0940 
General line....... .| 90 watt standard warm white (T17) | 58.0 0.0850 
Slimline......... re 96T8 (120 ma) standard warm whitel 76.0 | 0.1115 
Slimline............... 96T12 (425 ma) standard warm white] 69.0 | 0.1015 
General line............]40 W daylight C2 ra icin decade a gt Scobeut 54.0 | 0.0795 
General line............ 40 W green (T12) 84.0 | 0.1235 
General line............ 40 W blue (T12) 33.0 | 0.0485 
General line............ 40 W red (T12) 3.6 0.0053 
Mercury lamps........... 400 W (E11) 50.0 | 0.0735 
1,000 W (A6) 65.0 | 0.0955 
Sodium...............00. 10,000 lumen 59.0 | 0.0808 


The rating listed is the commercial rating of the lamp. The absolute efficiency is the equivalent 
power in light flux (0.556) per watt input. Efficiency is given in lumens per watt input. 
| * “ Handbook of Chemistry and Physics,” 36th ed., pp. 2480, 2481, Chemical Rubber Publishing 
| Company, 1954-1955. Compiled by J. M. Smith and C. E. Weitz. 
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OPTICS 


TaBLE 6g-11. APPROXIMATE BRIGHTNESS oF Various LicHt SouRcEs* 


Source 


Natural sources: 
ClEBr SKY. 5 seas ea ca wbe eee tel Aye atari 


Sun (as observed from earth’s surface)... 
Sun (as observed from earth’s surface)... 
Moon (as observed from earth’s surface). 


Combustion sources: 
Candle flame (sperm) 
Kerosene fiame (flat wick) 
Illuminating—gas flame 
Welsbach mantle 
Acetylene flame...... 2... 0. e cece ee eee 

Incandescent electric lamps: 

Carbon filament 
Metalized carbon filament (Gem) 
Tungsten filament 


oor e © © © © © © © © ee eB Be 
oe ee ee eo 8 8 oe Bw He 8 
oe © © © @ © © © © ee 8 ee 


eos eee eo © © © © © © © © © 8 HH HE HH 


esoeere eee e © & © © © © 8 eH Be es 
one eevee 


eseervren eve *®oee eee e © © © © 6 ® 


eeceeeae se © © © © © © eH Oe ee 


Tungsten filament 


Tungsten filament...............--045- 
Fluorescent lamps: 
20 watt T12 standard warm white 
40 watt T12 standard warm white 
96T12 standard warm white 
Electric-arc lamps: 
Plain carbon are 


eee ee ee em eo ew 
er ar a 


High-intensity carbon arc 


High-intensity carbon arc.............. 
High-intensity carbon arc 
Mercury lamps: 
Low-pressure mercury are 
400 W (H1) 
1,000 W (A6) 
Sodium lamps 


oe e ewe eo e © © © © ee © 


eee e © © © © © He we Bo 
Pe ee ee ee ee ed 
Pe eee ae ee ee 2 


ee 


Company, 1954-1955. 


divide by 7. 


* ‘Handbook of Chemistry and Physics,’ 36th ed., pp. 2481, 2482, Chemical Rubber Publishing 
Compiled by J. M. Smith and C. E. Weitz. 
+ To convert Lamberts to foot-Lamberts multiply by 929. 


Lam- 

bertsf 
| Average brightness. 2.5 
At meridian 519,000 
Near horizon. 1,885 
Bright spot 0.8 


Bright spot 
Bright spot 
Fishtail burner 
Bright spot 
Mees burner 


165 
| 300 
Vacuum lamp, 10 lumens per — 650 
watt _ 7 
Gas-filled lamp, 20 lumens| 3,800 
per watt 
750-watt projector lamp, 26 7,500 
lumens per watt | | 
1.67 
2.10 
2.052 
Positive crater 7 mm non-| 55,000 
rotating | 
Positive crater 8 mm non-}| 125,000 
rotating | 
Positive crater 13.6 mm non- | 220 ,000 
rotating. 7 
Positive crater 314,000 
50-in. a-c rectified tube 6.6 
440 
Water-cooled 94 ,000 
10,000 lumens 18 


To convert Lamberts to candles/cm? 


TaBLE 6g-12. Properties or TunGstTen* 


RADIOMETRY 


Total 
emis- 
Sivity 


Bright- 


ness 
temp. 
0.654 
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Color 
temp. 


Normal Spectral 
Temp., | brightness emissivity 
: new 
candles/cm’| 0.65y 0.467 u 
300 | ......... 0.472 0.505 
ZOO: “btn chet Seth, Saectean . Sfitece 
OOO: a ieee dete |? ete oa, NW be ex 
GOO! VP gciceee eek doeech I setae 
COO: i ee Gece eats. be! vaya I estan s 
B00 tte wech vaew?s “I! .szcten 
900 | ........., Wh Asteee. at Sakae 
1000 0.0001 0.458 0.486 
1100 0.001 0.456 0.484 
1200 0.006 0.454 0.482 
1300 0.029 0.452 0.480 
1400 0.11 0.450 0.478 
1500 0.33 0.448 0.476 
1600 0.92 0.446 0.475 
1700 — 2.3 0.444 0.473 
1800 5.1 0.442 0.472 
1900 | 10.4 0.440 0.470 
2000 | 20.0 0.438 0.469 
2100 36 0.436 0.467 
2200 61 0.434 0.466 
2300 101 0.432 | 0.464 
2400 157 0.430 0.463 
2500 240 0.428 0.462 
2600 350 0.426 0.460 
2700 | 500 0.424 | 0.459 
2800 690 0.422 “0.458 
2900 950 0.420 0.456 
3000 1260 0.418 0.455 
3100 1650 0.416 0.454 
3200 2100 0.414 0.452 
3300 2700 0.412 0.451 
3400 3400 0.410 0.450 
3500 4200 0.408 0.449 
3600 5200 0.406 |. 0.447 


* “ Handbook of Chemistry and Physics,’’ 36th ed. 
| 1955. Roeser and Wensel, National Bureau of Stand 


ards. 


0.076 


966 
1059 
1151 
1242 
1332 
1422 
1511 
1599 
1687 
1774 
1861 
1946 


2031 


2115 


1° 2198 

' 2280 
‘| 2362 
|: 2443 


2523 


~~ 2602 © 


2681 


— 2759 


2837 


— 2913 
— 2989 


3063 
3137 


1007 
1108 
1210 
1312 
1414 
1516 
1619 
1722 
1825 
1928 
2032 
2136 
2241 
2345 
2451 
2556 


* 2662 


2769 | 
2876 
2984 
3092 
3200 


3310 


3420 


— 3530 


3642 
3754 


» p. 2691, Chemical Publishing Company, 1954- 
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6g-4. Stellar Radiation. Brightness of stars as seen by any photoreceiver may be 
expressed as a stellar magnitude, related to the effective irradiance I in watts/cm? 
received from the star: 


Stellar magnitude m = —2.5 logio + 
0 


The effective irradiance J from the star as seen by a photoreceiver 1s 
pe I, T(No(r) dr 


where JA = spectral distribution of radiation received from the star, in watts/cm? 
per wavelength increment dd. J (\) for stars approximates black-body 
distribution for the assumed surface temperatures. 12 
o(A) = photoreceiver’s spectral-response function normalized at the response 
peak. Spectral response of a number of photosensitive surfaces is 
shown in Figs. 6g-1 and 6g-2. 
For visual magnitude | 


To = ois X 10724182) = 3.1 X 107% watts/cm?. : 


(ef. definition of lumen, page 6-9; definition of stellar magnitude, “Smithsonian 
Tables,” 8th ed., Table 798). 7 7 

Star brightness as seen by photoreceivers other than the eye is also expressed as a 
siellar magnitude (e.g., bolometric magnitude, photographic magnitude). The 
magnitude scales are generally adjusted. by setting Io so that a class AO star (surface 
temperature 11,000°K) appears of the same magnitude to each photoreceiver. For 
stars at other temperatures the effective-irradiance integral can be evaluated to 
obtain an index, which when added to visual magnitude gives the star’s magnitude 
as seen by other receivers. Early stellar photometry used the non-color-sensitized 
(blue-sensitive) photographic plate; the difference between photographic and visual 
magnitude was called color index. © Difference between bolometric and visual magni- 
tude was called heat index. Indices for the principal spectral classes of stars and for 
several photoreceivers are given in Table 6g-13. 


TaBLE 6g-13. Cotor INpicEs oF VARIOUS STELLAR SPECTRAL CLASSES 


Index 
Spectral Approx | 
class eff. surface Photographic, | Bolometric, | 54 photosurface, PbS, 
temp., °K f ‘ 

visual visual visual visual 
BOw ict..084 20 ,000 —0.30 —1.4 —0.15 +0.2 

AO........ 11,000 0 | O- 0 0 
10 ee 7,500 +0.33 +0.6 +0.30 —0.4 
gGO....... 5 ,000 +0.70 +0.4 +0.7 —1.0 
gKO....... 4 ,200 +1.12 +0.1 +1.0 —1.5 
gMO...... 3,400 +1.70 —0.8 +1.1 —2.6 


Effective temperature: Kuiper, Astrophys. J. 88, 464 (1938). 

S4 index: computed from manufacturers’ data on 1P21 photomultiplier. 
Bolometric index: Kuiper, Astrophys. J. 88, 452 (1938). 

Photographic index: “ Smithsonian Tables,’’ 8th ed. 

PbS index: computed from manufacturers’ data. 


RADIOMETRY 
~~ 
2 GLOWER 
S L3 AMPS 
& 
S 
= 


SPLIT WIDTH IN 


ENERGY (PROPORTIONAL TO RECORDER DEFLECTION = 


5 7 
WAVELENGTH IN MICRONS 
Fig. 6g-1. Characteristics of globar and glower sources. 


cd ae eee 
Ke) EMISSIVITY OF GLOBAR 100 
al Le a teges 
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oat | | [ate A ED Tao 8 
O7 — See ene 70 7 
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> | [A-EMissiviTy OF GLOBAR eee 
3°) P term orse MATH PDT eg 
Sige ea hls Eo ee 
pol siecle BE ode eM Polls lial ales 
0 Fe tf] fi 

0 Rode Heslled 


tf 23 4 5 6 7 8 9Y WH t2 13 4 5 
WAVE-LENGTH —— microns ——> 
Fig. 6g-2. Emissivity of globar. 
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TaBLE 6g-14. BriGHTNESS OF Stars as SEEN By VARIOUS PHOTORECEIVERS 


Spectral Visual S4 photosurface | Lead sulfide 


ie type magnitude magnitude magnitude 
Sirlus........... ....{ AO —1.58 —1.6 —1.6 
Canopus............ FO —0.86 —0.6 —1.3 
a Centaurl.......... .| GO 0.06 0.8 —0.9 
bcc: ee ee ee ae AO 0.14 0.1 0.1 
Capel ais a4 sec eclitinde’ GO 0.21 0.9 —0.8 
Arcturus............ KO 0.24 1.3 —1.3 
Rigels ics iy. 45.4-5. hes B8p 0.34 0.3 0.3 
Procyon............. F5 0.48 1.0 —0.2 
Achernar............ B5 0.60 0.5 0.7 
Betelgeuse (var.).....| MO 0.7+0.5 1.8+0.5 —1.9+0.5 
B Centauri........... Bl 0.86 0.7 Et 
Altair...............{ Ad 0.89 1.0. 0.7 
a Crucis............. Bl 1.05 0.9 1.3 
Aldebaran........... K5 1.06 2.1 —0.8 
POMS: is fn Feces KO 1.21 2.2 —0.3 
SPICAs oss. c es ede ae B2 1.21 1.1 1.4 
Antares............-. MO 1.22 —2.3 —1.4 
Fomalhaut.......... A3 1.29 1.4 1.2 
Deneb.............. A2p 1.33 1.4 1.2 
Regulus............. B8 1.34 1.3 1.4 
6 Crucis.............| Bl | 1.50 1.4 1.7 
Castor. i..cy.eGe earns AO. 1.58 1.6 1.6 
y Crucis............. M3 1.61 2.7 —1.4 
e Canis Majoris...... Bl 1.63 pP.5 1.8 
e Ursa Majoris.......| AQp 1.68 1.7 Ly 
y Orionis............| B2 1.70 1.6 1.9 
\ Scorpil............ B2 1.71 1.6 1.9 
€COMIRC ak sn eiaune KO 1.74 264 0.2 
e Orionis............ BO 1.75 1.6 2.0 
B Vat ois sae es B8 1.78 1.7 1.8 
B Carniae............ AO 1.80 1.8 1.8 
a Triang. Aust....... K2 1.88 2.9 0.2 
a Persei............. F5 1.90 2.4 1.2 
n Ursa Majoris...... .| B38 1.91 1.8 2.1 
+ Geminorum........ AO 1.93 1.9 1.9 
a Ursa Majoris....... KO 1.95 3.0 0.5 
e Sagitaril........... AO 1.95 2.0 2.0 
5 Canis Majoris...... F8p 1.98 2.6 1.1 
B Canis Majoris...... Bl 1.99 1.9 2.2 


6h. Wavelengths for Spectrographic Calibration! 


TaBLE 6h-1. WavELENGTH STANDARDS FOR THE Vacuum ULTRAVIOLET* 


Esti- Esti- 
: mated - mated 
Wavelength, | Inten- | Spec- Wavelength, | Inten- | Spec- _ : 
: relative : relative 
A sity trum A sity trum 
error error 
(+mA) (+mA) 
1, 942.273 20 Hg 1 2 1, 730.874 2 NI 3 
1, 930.902 10 C1 2 1,727 332° 4 Sir 3 
1,900. 284 5 Hg 1 2 1,721.081 20 Cir 3 
1, 880.969 5 Sil 2 1,720.158 18 Cu 4 
1,870.547 20 Hg 4 | 1,707.397 4 Hg 4 
1, 869.548 8 Hg 2 1,704.558¢ 4 Sir 4 
1,867 .590 1 Ni 3 1,702. 8052 8 Sir 4 
1, 864.742 5 N 11 2 1, 702.733 8 Hg 4 
1 , 862.806 2 N 5 1, 700.522 3 Sil 4 
1,861 .750¢ 1 Sir 2 | 1,693.756 15 Sil 4 
1,859. 406 3 Nit 3 | 1,676.913 5 Sir 4 
1,857 .956 8 Nit 4 ff 1,672.405 2 Hg wu 3 
1,853 . 260 3 Six 4 | 1,658. 117¢ 20 C1 1 
1, 850.665 5 Si 1 5 1, 657 . 899¢ 15 C1 4 
1 , 849.497 50k? | Hgt 4 1,657. 541 1 C1 5 
1,849 .380 5 Nil 4 1,657 .374¢ 10 CI 1 
1, 848.237 5 Siz 4 1,657 .243 1 C1 om) 
1,846.014 8 N 11 4 1,657 .001¢ 30 Ci 1 
1, 844.304 10 N 4 1,656 . 923° 15 C1 1 
1, 842.066 1 N 1 5 1,656. 454 4 Cr 4 
1, 839.995 4 Sir 4 1, 656.259 15 C1 1 
1,833 .264 1 C 5 1,654.055 5 C1 3 
1, 831.973 5 N uw 4 1,653. 644 2 Hg 1 3 
1,8380.458 4 N 11 4 1 649.932. 10 Hg 11 4 
1, 820.336 20 Hg 4 1, 640.474 802 He 11 4 
1,816.921 8 Si II 2 1, 640.342 1002 He 11 2 
1, 808.003 5 Si 11 4 1,630. 180 2 Sir 3 
1,807 .303 30 N i 5 1, 629.931 4 Si I 4 
1,803 .888 2 Hg 1 2 1,629 . 830 4 Nu 4 
1, 796.897 15 Hg 1 4 1,629. 366 4 Sit 4 
1,787 .805¢ 10 Sir 2 1,613.251 4 He 1 4 
1,782.817 15 Na I 4 1,605 .321 1 He 1 3 
1,775.677 1 Hg 1 4 1,602 .598 15 Cr 3 


1 This section presents calibration standards in the ultraviolet and infrared wavelength 
regions. For corresponding data on visible wavelengths, see Sec. 7. 
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TABLE 6h-1. WAVELENGTH STANDARDS FOR THE VACUUM ULTRAVIOLET* (Continued) 


Esti- Esti- 

Wavelength, | Inten- | Spec- mated ! Wavelength, | Inten- | Spec- mated 

a sty ee relative | A ae teats relative 

error . anere error 

(+mA) (+mA) 
1,774.941¢ 20 Si 1 4 1 592.245 4 Si I 3 
1,769. 658¢ 1 Si I 4 -1,589 .607 2 Si I 3 
1,753 .113¢ 2 Sil 3 1,574.035 1 N i 3 
1,749.771¢ 1 Si I 5 | 1,561.433 20 Ci 2 
1,745. 246 30 Nir 3 { 1,561.339 5 CI 4 
1,743 .322 10 Ni 4 | 1,560.687¢ 15 CI 12 
1,742.724 60 NI 3 | 1,560.301 2 C1 5 
1,740.327 15 N 11 3 1 ,504.474 5 Hg m1 4 
1, 736.582 8 Sil 4 1 494.673 60 NI 4 
1,732.142 15 Hg 1 4 1, 492.824 30 Ni 4 
1, 492.624 80 Ni 5 1,280. 403¢ 5 Cr 4 
1,485.600 8 Si II 2 1, 280.340¢ 15 Cr 1 
1,481.760 30 C1 3 1,280. 140¢ 8 Cri 1 
1,470 .082 5 Cr 3 1,279. 897¢ 10 Cr 1 
1,469. 844 15 C1 4 | 1,279.230 8 Cr 3 
1,467 .405 20 C1 3 1,277 .727 20 C1 1 
1,466. 723 | 5 Nt 4 1,277.551 50 CI 4 
1,463. 838 40 C 3 1,277. 282 40 | Cr 1 
1,463 .346 40 Cr 2 | 1, 276.754 3 N 1 1 
1,459 .034 20 Ci 4 | 1,265.001 1 Si 1 1 
1,439.094 10 Si 11 2 | 1,261.559/ 15 C1 « 1 
1,411.948 30 Ni 3 1,261 .430/ 8 CI 4 
1,393 .3822 1 Hg 111 2° 1,261 .128/ 8 Cr | 
1 ,364.165 8 Cr 4 1,261 .000/ 8 Cr 1 
1,361. 267 8 Hg 1 4 1,260. 930/ 8 Cr 2 
1,357.140 5 Ci 2 1,260. 738/ 8 CI 1 
1,355. 598 2 O1 3 1,259 .523 10 Cr 3 
1, 354.292 8 C1 3 1, 253.816 5 Cr 1 
1,350.074 4 Hg 1 2 { 1,251:164 8 Si Ir 4 
1,335 .692 80 Ci 5 1, 250.586 4 Hg 1 4 
1,335.184 8 Hg 3 1,248. 426 as, Sir 4 
1, 334.520 60 Cir 5 1 , 246.738 1 Si II 3 
1,331.737 20 Hg 1 4 1 , 243 .309 15 Ni 4 
1 ,329.590 40 Ci 1 1 243.179 20 NI 1 
1,329.108 40 Cr 2 1, 229.172 1 NI 1 
1,328 . 8364 15 C1 10 1, 228.790 10 NI 4 
1,327 .927 10 Ni 2 1 ,228.410 5 NI 4 
1 326.572 15 Ni 4 1,225.372 10 Nt 1 
1,321.712 20 Hg II 3 1 , 225.028 15 Ni 4 
1,319.684 30 Ni 4 1,215. 662 100R° | H 5 
1,319.003 20 NI 2 1,215.167 5 He 11 5 
1, 316.287 1 NI 1 1,215.086 5 He 4 
1,311.365 20 C1 3 1,200. 7082 30 NI 2 
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TaBLeE 6h-1. WAVELENGTH STANDARDS FOR THE VacuUM ULTRAVIOLET* (Continwed) 


Esti- Esti- 


Wavelength, | Inten- | Spec- mates Wavelength, | Inten- | Spec- pas 
A sity trum Fels A sity trum relative 
error | error 

(+mA) (+mA) 
1,310.952 25 Ni 1 1,200. 2269 40 N1 1 
1,310.548 25 NI 3 1,199.718¢ 2 Nr 4 
1,309. 278 3 Si 11 5 1,199.551¢ 50 N1,C1 5 
1,307 .928 10 Hg 3 1,194 .496 5 Sir 1 
1 ,306.036 25 O|1 3 1,194.060 3 CI 3 
1,304.872 30 O|! 5 1,193 .674 3 CI 3 
1,302.173 30 O1 1 1,193 .3884 3 Ci 8 
1,288. 430 5 Cr 3 1,193 .243 15 C1 2 
1,280. 852¢ 10 Cr 1 1,193 .013 15 Cr 4 
1,280. 604¢ 8 Cr 3 1,189.628 5 Nt 4 
1,189.244 3 Ni 3 1, 069.984 30 Nt 1 
1,188.972 5 NI 1 1,068 .476 35 Nt 4 
1,177.694 15 Ni 3 1,067 .607 35 Nt 4 
1,176.626 3 Ni 5 1,041. 688 1 O1 4 
1,176.508 | 15 Ni 1 1,040.941 15 Or 4 
1,170.276 1 Ni 3 1,039. 233 20 O1 4 
1,169.692 1 Nt 1 1,037 .627 0 O 3 
1,168. 537 20 Nir 4 1,037 .020 0 Cir 1 
1,168.334 8 Nt 4 1,028 .162 8 O1 3 
1,167.450 25 Ni 4 1 ,027 . 433 20 O1 3 
1,164.322 8 Nir 3 1,025 .728 60 H 3 
1,163. 884 12 NI 4 1,025 .298 2? He 11 5 
1,158.138 1 Cr 5 990 . 805" 2 Or 4 
1,158.030 8 C1 4 990 , 210% 8 O1 4 
1,152.149 2 O1 5 990 , 132? 1 Or 4 
1,134.988 25 Nt 4 988 , 776? 15 Or 4 
1,134.426 25 NI 4 988 , 6617.4 2 Or 4 
1,134.176 20 Nir 4 977 , 967 1 O1 4 
1,101.293 40 NI 5 964 .626 1 Ni 4 
1,100,362 30 Ni 4 963 .991 5 NI 4 
1,099. 259 40 Hg 1 3 953 . 658 15 NI 4 
1,099. 153 25 NI 5 953.415 15 Nt 3 
1,098. 264 40 Ni 5 952.522 4 Nir 4 
1,098. 103 40 NI 5 952.414 8 O1 4 
1,097 .990 25 NI 4 952.304 8 Ni 4 
1,097 . 245 50 NI 4 950.114 0 O1 4 
1,096. 749 35 NI 4 949 . 742 25 H 4 
- 1,096 .322 35 Nr 2 910.279 0 NI 5 
1,095 .940 35 NI 3 909.692 0 N1 5 
1,085 .'707 50 N 1 3 906 . 722 1 Nt 2 
1,085 .546 3 N 5 906.426 15 NI 4 
1,085 .442 3 N 11 3 906 . 202 10 Nir 3 
4 905 . 829 5 Nt 4 


1 ,084.970 2 He 
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TABLE 6h-1. WAVELENGTH STANDARDS FOR THE VACUUM ULTRAVIOLET* (Continued) 


Esti- Esti- 
: mated mated 
Wavelength, | Inten- | Spec- Wavelength, | Inten- | Spec- . 
ee : relative relative 
A sity trum A sity trum 
error error 
(+mA) (+mA) 
1,084.910 2 893 .079 0 Hg 2 
1,084.579 30 888 .363 0 Ni 2 
1,083 .990 20 888 .019 0 NI 4 
1,070.821 0 875.092 5 Ni 5 


* J, Opt. Soc. Am. 45, 10 (1955). 

« Identification: A. Fowler, Proc. Roy. Soc. (London), ser. A, 128, 422 (1929); J. C. Boyce and H. A. 
Robinson, J. Opt. Soc. Am, 26, 133 (1936). 

b Self-reversed resonance line. 

¢ Resolved 2p? 3P — 38%P° multiplet. 

4 Blended line. 

e Completely resolved 2p? 3P — 4s *P® multiplet. 

f Completely resolved 2p? 3P — 3d 3P° multiplet. 

9 Resolved 2p3 48° — 3s 4P multiplet. 

h Qp4 83P — 3s’ 3D° multiplet. 

+ Diffuse line. 
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Tas.e 6h-2. Proposep INTERNATIONAL WAVELENGTH STANDARDS 


Wave- 
length, 
A, 
this 
research 


1,930. 902 
1,745. 246 
1,742.724 
1,740,327 
1,658.117 
1,657.899 
1,657 .374 
1,657 .001 
1,656 .259 
1,560.301 
1,494.673 
1,492.624 
1,481.760 
1,335 .692 
1,329.590 
1,329 .108 
1,277 .282 
1,261.559 
1, 200.708 
1,200. 226 
1,199.551 
1,177.694 
1,176.508 
1,167.450 
1,134. 988 
1, 134.426 
1,134.176 
1,085.546 
1,084.579 
1,083 .990 

990.805 

990.210 


Spectrum 


IN THE Vacuum ULTRAVIOLET 


Wave- 
length, 
A, 
More 
and 
Riekee 


cece oe 
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¢K. R. More and C. A. Rieke, Phys. Rev. 50, 1054 (1936). 


’J. C. Boyce and C. A. Rieke, Phys. Rev. 47, 653 (1935). 
¢R. L. Weber and W. W. Watson, J. Opt. Soc. Am. 26, 307 (1936). 


4 A. Fowler, Proc, Roy. Soc. (London), ser. A, 123, 422 (1929). 
eA. G. Shenstone, Phys. Rev. 72, 411 (1947). 


JE. Ekefors, Z. Physik 68, 437 (1930). 


9B. Edlén, Z. Physik 98, 561 (1936); Nature 159, 129 (1947). 
* F, Paschen and G. Kruger, Ann. phys. 7, 1 (1930). 


Wave- 
length, 
A, 
other 


observers | 


ee 


- © we we 


o © © © we ew: 


ee © we ew 


ee ee & 


eo © © © © 


ee e se © 


eee © eo 


ee ee oe 


Wave- 
length, 
A, - 
mean — 
value - 


1 930.897 


1,745 .249 
1, 742.730 


-1,740.321 


1, 658.123 
1 657.900 


-1,657.378 
-1,657.001 
1,656 .260 
1,560. 308 


1,494,670 
1,492. 630 


-1,481-.760 


1 335 .692 
1,329. 587 
1,329.104 
1 277.279 
1,261.561 
1 , 200.708 


—1,200.219 


1,199. 552 


-1,177.691 


1,176.504 


-1,167.449 


1,134.981 
1,134. 420 
1,134.172 


—1,085.546 


1 084.580 
1,083 .990 
990.797 
990.207 
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TaBLE 6h-3. INFRARED STANDARD WAVELENGTHS 


i 


Wave- 
length, State Description Substance Ref. 
v 
0.54607 | Emission | AH-4 lamp Mercury 9 
0.57696 | Emission | AH-4 lamp Mercury 9 
0.57907 | Emission | AH-4 lamp Mercury 9 
1.01398 | Emission | AH-4 lamp Mercury 9 
1.12866 | Emission | AH-4 lamp Mercury 9 
1.140 baguid’ “23a savcagivnees Benzene 6 
1.35703 | Emission | AH-4 lamp Mercury 9 
1.36728 | Emission | AH-4 lamp Mercury 9 
1.39506 | Emission | AH-4 lamp Mercury 9 
1.52452 | Emission | AH-4 lamp Mercury 9 
1.6606 | Liquid 0.5-mm cell 1,2,4-Trichlorobenzene | 9 
1.671 Liquid: | gad..saeeees .... | Benzene 6 
1.69202 | Emission | AH-4 lamp Mercury 9 
1.69419 | Emission | AH-4 lamp Mercury 9 
1.70727 | Emission | AH-4 lamp Mercury 9 
1.71090 | Emission | AH-4 lamp Mercury 9 
1.81307 | Emission | AH-4 lamp Mercury 9 
1.97009 | Emission | AH-4 lamp Mercury 9 
2.008 Gos. « | aweese ene ree Carbon dioxide 
2.150 LiG@uid: “i sesresettoean es Benzene 
2.1526 | Liquid 0.5-mm cell 1,2,4-Trichlorobenzene | 9 
2.22 TAGUIC. 4) Seicod caeousea es Carbon disulfide 9 
2.24929 | Emission | AH-4 lamp Mercury 9 
2.3126 | Liquid 0.5-mm cell 1,2,4-Trichlorobenzene | 9 
2.32542 | Emission | AH-4 lamp Mercury 9 
2.37 — | Solid 25-p film Polystyrene Wright 
2.4030 | Liquid 0.5-mm cell 1,2,4-Trichlorobenzene | 9 
2.4374 | Liquid 0.5-mm cell 1,2,4-Trichlorobenzene | 9 
2.439 Gass * D deodneeneaeat ce Carbon oxysulfide 8 


central min 


2.464 Wiquid: fiacs4enssseaandos Benzene 5 
2.4944 | Liquid 0.5-mm cell 1,2,4-Trichlorobenzene | 9 
2.5434 | Liquid 0.5-mm cell 1,2,4-Trichlorobenzene | 9 
2.688 Gas. | nhieu eater anas Carbon dioxide Barker and Wu 
2.7144 | Vapor 5 .0-cm cell Methanol 9 
2.765 Gas. th weivoasedtoneace Carbon dioxide Barker and Wu 
2.79 Solid. 4. facut gee hes ee oA | Lithium fluoride 9 
2.996 Gas 200-mm 5.0-cm cell} Ammonia-zero branch | 2 
3.2204 | Solid 25-u film Polystyrene 9 
— 3.230 Cag |). teteos nee Carbon oxysulfide 8 
central min 
3.2432 | Solid 25-4 film Polystyrene 9 
3.2666 | Solid 25-p film Polystyrene 9 
3.3033 | Solid | 25-p film Polystyrene 9 
3.3101 | Solid 25-u film Polystyrene 9 


Substance 
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TaBLE 6h-3. INFRARED STANDARD WAVELENGTHS (Continued) 
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Se ee pe eS a he 


Or Or or 


COOSOOMWM MMOH MMOBMINADWADHAOON 


Om mo Oo Oo © 


Gas 
Solid 
Gas 


Gas 


Solid 
Gas 
Vapor 


Vapor 
Gas. 


Solid 
Gas 


Gas 
Solid 
Gas 


Gas 
Solid 
Solid 
Liquid 
Gas 
Liquid 
Gas 
Gas 
Gas 
Gas 
Gas 
Gas 
Gas 
Gas 
Gas 
Gas 
Gas 


Vapor 
Vapor 
Gas 
Solid 
Vapor 
Gas 


ee © © © © © © © © © ee ee 


25- film 


25-u film 


5 ee ee ee ey 


5 ee ee 
e © © © © © © © © 8 ew ee ew 


ee © © © © we © © ew ew we we ew 


ey 


ee ee ey 


200-mm 5.0-cm cell 
200-mm 5.0-cm cell 
200-mm 5.0-cm cell 
200-mm 5.0-cm cell 
200-mm 5.0-cm cell 
200-mm 5.0-cm cell 
200-mm 5.0-cm cell 
200-mm 5.0-cm cell 


| 200-mm 5.0-cm cell 


s © © © © © eo eo ee © ew ew 


Methane-zero branch 

Methane 

Polystyrene 

Carbon oxysulfide 
central min 

Hydrogen chloride 
central min 

Polystyrene 

Carbon dioxide 

Carbon disulfide 
central min 

Methanol 

Carbon oxysulfide 
central min 

Polystyrene 

Carbon oxysulfide 
central min 

Ethylene central min 

Polystyrene 

Carbon oxysulfide 
central min 

Ammonia-zero branch 

Polystyrene 

Polystyrene 

Benzene 

Ethylene-zero branch 

Methylcyclohexane 

Methane-zero branch 

Ammonia 

Ammonia 

Ammonia 

Ammonia 

Ammonia 

Ammonia 

Ammonia 

Ammonia 

Ammonia 

Carbon oxysulfide 
central min 

Methyl] chloride 

Methanol 

Ammonia 

Polystyrene 

Methyl] chloride 

Ammonia — 


Oo on 


DBNNNNNNNNNWOUMowow 
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TABLE 6h-3. INFRARED STANDARD WAVELENGTHS (Continued) 


Wave- 
length, State Description Substance Ref. 
iv 
10.073 Gas 200-mm 5.0-cm cell} Ammonia 2 
10.53 Gas. |) ssiaketacuassens Ethylene-zero branch | 5 
11.008 Gas 200-mm 5.0-cm cell} Ammonia 2 
11.035 Solid 50-u film Polystyrene 9 | 
11.26 Gas 200-mm 5.0-cm cell; Ammonia J. Opt. Soc. Am. 
11.475 Liquid 0.05-mm cell Methylcyclohexane 9 , 
11.793 Gas 200-mm 5.0-cm cell; Ammonia 2 
11.862 Liquid 0.05-mm cell Methylcyclohexane 9 
12.075 Gas 200-mm 5.0-cm cell) Ammonia 2 
12.381 Gas 200-mm 5.0-cm cell} Ammonia 2. 
12.732 Gass | 2scecwteeecedas Acetylene 1 
12.809 Gasset s.tteckoowe oats Acetylene 1 
12.885 Gis: fase Ob oda tanta Acetylene 1 
12.961 Gas, nis itmne ees Acetylene 1 
12.99 Gas: 7}. Soda beenasegat Ammonia Wright 
13.69 Gas |...... eds ees Acetylene 1 
13.883 Gas Atmospheric Carbon dioxide 9 
14.29* Solid 50-» film Polystyrene 9 
14.42 Digwid: 4. .eessepaedeanie Toluene 1% in carbon | 9 
disulfide 
14.98 Gas Atmospheric Carbon dioxide 9 
15.48 Liquid 0.05 mm (1:4 CS2) | Unknown in technical | 9 
grade of 1,2,4- 
trichlorobenzene 
17.40* | Liquid 0.025-mm cell 1,2,4-Trichlorobenzene | 9 
18.16 Liquid 0.025-mm cell 1,2,4-Trichlorobenzene | 9 
20.56 Liquid 0.05-mm cell 1,2,4-Trichlorobenzene | 9 
| : (sat. sol. in CS) 
21.52 Liquid 0.05-mm cell Toluene 9 
21.80 Liquid 0.025-mm cell 1,2,4-Trichlorobenzene | 9 
22 .76* Liquid 0.025-mm cell 1,2,4-Trichlorobenzene | 9 
23.85 Vapor Atmospheric Water 9 


* Broad bands. 
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TABLE 6i-1. VeRpET ConsTants* 
Gases and Vapors, Vo for \578 as Reduced to 0°C and 760 mm Hg 


* Selected except as noted from R. de Malleman, ‘‘Tables de Constantes Selectionnées, Pouvoir 
Rotatoire Magnetique (Effet Faraday),’’ Paris, Hermann & Cie, 1951. 


6i-1, Magnetic Rotation (Faraday Effect). When a linear-polarized light ray of 
wavelength A in vacuum traverses an inactive medium at temperature ¢ of length J in 
the direction of an external magnetic fleld of strength H, the rotation a, associated 


with circular birefringence, which the ray very generally exhibits as a result of the 
field is expressed by 


a = VHl 


where V is the Verdet constant of the medium. A possible natural rotatory power 
of the medium, ao, may be provided for by the modified expression 
a = (ao + VA) 
6-91 
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TABLE 6i-1. VERDET CoNSTANTS* (Continued) 
Inorganic and Metal-organic Liquids 


Liquid t 102 V 
Phosphorus.......... 33 +13.3 
Saft ss..es Utd sk See dt 114 8.1 
Bromine...........-. 0 5.3 
H.O.. 20 1.309 
D3 ec desase ce ease 19.7 1.257 
GOs orcitiowe kh Se esa eA 10 1.14(8) 
HaPOas cokes beak ew So 76 1.63(5) 
Hee Ope4.2.53 ve Be teas 97.4 1.35(4) 
CSse 2 bots bere k bw 20 4.255 
BO leicicia alot a eeew's 18 7.45 
Plea daytGernee Ges 26 3.02 
AsCls eg Sap ae ees ADOP fy! . Beep aos 4.25 
CO) i. cee eke eeus 25.1 1.60 
Lb el) ae Ree 20 2.04 
TIC Leis) He eee be tes 17 —1.65 
SC liewtcxansieas ees 28 4.46 
Sb Clee aa cum ed ee 18 7.45 
PR isso o atereaties tees 20 6.05 
TIBPM oie asen ena sees 46 —5.3 
Ph( Gels )aiceaseetaee 20 3.01 
Ni(CO) i ccebeast eens 17 7.35 


a P, Fritsch, Compt. rend. 217, 447 (1943). 
6 J. Verhaeghe, Bull. Sct. acad. roy. Belg. 18, 532 (1932). 


For para- and ferromagnetic media, especially as one proceeds to high field strengths 
and low temperatures, the foregoing relations may have only a limited range of 
validity; rather the rotation a may tend toward, or actually attain, a saturation 
value a, as the external field is increased. 

When the same light ray traverses an inactive absorbing medium in the magnetic 
field it may emerge elliptic-polarized with the major axis of the ellipse rotated through 
the analogous angle a and with ellipticity measured by the angle 8 of the same order 
of magnitude. Such ellipticity is associated with circular dichroism. The formal 
expressions for magnetic ellipticity are analogous to those for magnetic rotation; thus 


6B = RAI 
6B = (Bo t+ RA)! 


for media without or with measurable natural “‘ellipticity power’’ Bo, that is to say, 
natural circular dichroism. The material constants Bo and & apparently were never 
given names. 

The quantities a, ao, V, and H are signed quantities whose signs are determined 
solely by conventions. The signs of a and V are conventionally positive when the 
rotation, as for water, takes place in the direction of the electric current which creates 
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TaBLeE 6i-1. VerpET ConstTants* (Continued) 
Aqueous Solutions 


Solute Wt. % r d n 102V 


Ce ee Ey 


At 25°, 546 (Ref. 1) 


HOY .c0ceeavaase dl, S100 pen. WA sieeShgeaase. ol) -ehatenoan eas +1.547 
INGO Eis a2 ce ne eran 14.3 oat Pee lor i .okee haces 1.743 
HNO gs scde eens 62 eae 1.3676 1.40269 1.161 
NaN Ogos org se Soke 32.32 Sash 1.2407 1.37068 1.495 
NEHUNOpeetianein ds 34.85 <r 1.1476: 1.37913 1.483 
TIC O poset ates utes 60 bas 1.5261 1.39828 1.253 
NH,ClO,.......... 15.22 tes 1.0725 1.34506 1.508 
HeSO,4............. 92 sat 1.8121 1.43163 1.250 
NazSOg.........05. 24.39 bez 1.2349 1.36892 1.611 
(NH,4)2SOyq......... 33.58 edi 1.1909 1.38559 1.634 
H3PO,4.............]| 100 fee 1.866 1.45805 1.571 
IN BP Oso ce cect 8 see 17.92 oe 1.0823 1.34997 1.588 
(NH4)3sPOq,......... 14.62 nee 1.0921 1.36148 1.649 
Clete estrastone as 30.5 Sees 1.1735 1.42111 2.685 
INGOT otk ooo ys, 3 at 19.01 re 1.0519 1.36971 1.997 
Brienne 44.27 ve 1.4294 1.43063 3.317 
ING Bie aie dee acu 46.21 vo 1.2985 1.41186 | 2.843 
1s Si Seana era eceee area 54.5 aa 1.6553 1.48406 5.314 
INE ie aucee anda’ 53.92 ee 1.4838 1.45386 4.284 


sO hiro ec eee ans 100 600 0.997 1.3324 1.26 
K3Fe(CN)g¢......... 31.4 600 1.187 1.3878 —2.33 
FCC ls. 3 ceeea os oh 47.8 800 1.523 1.4941 —3.99 
KI, Hgle..........) 1... 600 2.445 (1.59) 8.41 
SAM Ciencia awe Sl’ Games O89 I saetokes,, Wh tated 3 12.8 (Ref. 4) 
DAMCee deisel, ee aeded D460. Hl Visita: Gs Baebes 22 (Ref. 3) 


a re NS a ee 
References 


1. Sivaramakrishnan, V.: (a) Proc. Indian Acad. Sc. 39, 31 (1954); (b) J. Indian Inst. 
Sc. 36, 193 (1954). | 

2. Ingersoll, L.: J. Opt. Soc. Am. 6, 663 (1922). 

3. Bubb, F.: Proc. Eastern Photoelasticity Conf. 18, 17 (1941), U.S. Patent 2,341,422 
(1944). 

4. Cornu and Potier: Compt. rend. 102, 385 (1886). 


6—94 OPTICS 


TaBLE 6i-1. VERDET CoNSTANTS* (Continued) 
Organic Liquids for Refractive Index Determinations! 


Liquid r t np 102V 
Methanol: sco: <4.0.s'0.5, char) BACt Se ees 589 18.7 1.3289 +0 .958 
ACCUONGs c45.c.5) 6 ee hee ne eee 589-78 20.0 1.3585 1.116 
Bethyl acetates coa6s4 a eee soe 589-78 20.0 1.3727 1.08 
M-TLCP Lanes 3633 Foe hoa e wae eas 589-78 15 1.3875 1.23 
N-BUTANO! o 0.6.6 ord es he CN eee Maras 589 20.0 1.3993 1.23 
Ethylene glycol.................... 589 15.1 1.4313 1.25 
1,2-Dichloroethane................. 589 14.4 1.4448 1.65 
Cyclohexanone...............-. eee 578 23 .0 1.4500 1.33 
Cyclohexanol................2-20-- 578 20.0 1.4663 1.43 
p-Cymene.............. fo dane gt oe 589 15.0 1.4900 2.30 
TWOMONC Scenic LANG ede eee 589-78 15.0 1.4950 2.71 
BenzenG ith. hacks Roe idke eas 589-78 15.0 1.5005 3.00 
Jodoethane... 5.222546 0siee beeen ees 589-78 18.1 1.5130 2.95 
ADISOIGS 6055.54 Aosta tiene hae ake aes 589 21.1 1.5170 3.02 
1,3-Dibromopropane................ 589 19.6 1.5230 2.38 
Chlorobenzene...................-. 589 15 1.5246 2.92 
Iodomethane...............000 ee eee 589-78 19.5 1.5305 3.35 
1,2-Dibromoethane................. 589 15.2 1.5380 2.66 
o-Nitrotoluene..............---.0-- 589 18 1.5465 2.16 
Nitrobenzene..............02000 eee 589 15 1.55238 2.17 
Bromobenzene..............0+2000- 589 15 1.5598 3.26 
0- POMIGING s235.5 ooh Peet weno es cbes 589 17.3 1.5720 3.79 
AMUING 5nd oid le 4 SA oS 589 15 1.5859 4.18 
Bromoform 4.6.6 46:4 $844.5505 44059 ee: 589 17.9 1.5960 3.13 
Iodobenzene.............222e eee ee 589 15 1.6095 4.06 
QuinolinG:\: 2. 323cuee ess caw eGeears< 589 16 1.6235 4.18 
1, 1, 2, 2-Tetrabromoethane......... 578 18.0 1.6377 3.34 
1-Bromonaphthalene................ 578 20 1.6578 5.19 

1.7400 4. 


Diiodomethane?.................... 600 23 


1 These are supplied by Eastman Kodak Company. See their List No. 39, 1954, of Organic Chem- 
icals, from which the present np’s are taken. 
2. Ingersoll, J. Opt. Soc. Am. 6, 663 (1922). 


the field H. Other material constants of interest in connection with magnetic 
rotation are density d and refractive index n (for isotropic) or w (for uniaxial media). 
The magneto-optic anomaly y is a dimensionless ratio of theoretical interest. 

Verdet constants V are listed here in angular minutes cm™! gauss™!, the wave- 
lengths in millimicrons or Angstrom units. Uncertain or approximate numerical 
values are enclosed in parentheses. 

6i-2. The Pockels Effect. The alteration of the refractive properties of an optical 
medium by the application of a strong electric field is called the ‘electro-optic effect.”’ 
In a liquid medium the effect is designated the “Kerr effect,’’ in a piezoelectric 
crystalline medium, the ‘‘ Pockels effect.’’? The principal practical interest lies in the 
possibility of using this effect to produce a light-intensity modulator or “valve” 
by using an electroded liquid cell or crystal plate between polarizers in such a way 
as to produce electrically variable phase changes between two polarized interfering 
light beams. 

In a crystal of low symmetry the optical dielectric property (the square of the 
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TABLE 613-1. VERDET Constants* (Continued) 
Solids at Room Temperature Except as Noted 
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Solid n5,461 V5,461 75,461 n5,893 V5,893 | 75,893 | Ref. 
Oxide glasses: 
POG seeds tee pases 1.4601 0.01664 0.781 1.4585 0.01421 | 0.781 3b 
Dense flint 18...... 1.8999 0.1180 0.78 1.8900 | 0.0969 0.78 3b 
Dense fint.22) et Vio WW) Bae dy doh-es HW does 1.920 0.1060 0.812 4 
Oxide crystals: 
NHiAl(SO.)2°12H2O] .......... 0.0151 0.552 1.4594 0.0128 | 0.543 | 3c 
KAI(SO4)212H2O..| .......... 0.0144 | 0.551 1.4564 0.0124 | 0.533 | 3c 
NHiFe(SO4) 2°12 
H2O at 26°C....| .......... —0.00145 | ..... 1.4848 —0.00058 | ..... 1 
Same at —111°C...] .......... —0.0145 | oo... ool... —O.0111 | ..... 1 
NiSO.4:6H20 at 24°C] .......... 0.0256 | ..... w = 1.5109 0.0221 |] ..... 5 
Same at 1.86°K....] .......... OeaIO lee ba) auc raraetn, | ude Rete ea yall cocdet 2 
MgAleO. (spinel)...] ...5...... [| ...... eens | eee 1.1718 0.021 | ..... 7 
CaCOs (calcite)....f ........2. | wee eee eee | eee ee w = 1.6585 0.019 |..... 8 
NBCIO tro biccdidatal ok sae seers 0.0105 0.315 1.5151 0.0081 0.310 3c 
SiOe (quartz)...... wo = 1.5462 0.01952 | 0.785 1.5443 0.01664 | 0.789 3b 
AlzOs (corundum)..| w = 1.7712 0.0240 0.656 1.7685 0.0210 0.640 3d 
Cubic halide crystals: 
NOC) oan seesaw ol Red eo eeees 0.0410 0.901 1.5443 0.0345 0.890 3c 
Ne Bric) aiwe-c seo Som tuateams 0.0621 0.86 |e: | nr oe, ee er 3c 
KOs a4 etd tyec all aaieee seas 0.0328 0.822 1.4904 0.0275 0.821 3c 
WBY os 2 2tiils Ginko 1.5641 0.0500 0.795 1.5600 0.0425 0.785 3c 
WD cutest: 1.6731 0.083 0.789 1.6664 0.070 0.782 3c 
NAC hi as bs tia ol tel eck wets 0.0430 0.727 1.6426 0.0362 0.719 3c 
IN iio ee eae | ea eee 0.0601 0.698 1.7108 0.0504 0.690 3c 
a ied 2 Putian tal eed le ate WN hares Ill ice te 1.4338 0.00883 | 0.66 3a 
Tetrahedral cubic 
crystals: 
C-C diamond......] .......... 0.0278 0.28 2.4172 0.0233: | 0.28 3a 
CUO eben 43 yal cca eee 0.20 + .03 | 0.5 iy {Sn ee ane rere es ... | 6 
BOS: hhc ies how ans acacia gee 0. 287 0.92 2.3683 0.226 0.91 3a 
References 
1, Kaufmann, H.: Ann. Physik 18, 251 (1933). (Paramagnetic rotation.) 
2. Levy and van den Handel: Physica 16, 717 (1951). (Paramagnetic rotation.) 
3. Ramaseshan, 8.: Proc. Indian Acad. Sci. (a) 24, 104 (1946); (b) 24, 426 (1946) ; 
(c) 28, 360 (1948); (d) 34, 97 (1951); (e) Current Science 20, 150 (1951). | 
4, Cole, H.: J. Soc. Glass Technol. 34, 220 (1950). 
5. O’Connor, Beck, and Underwood: Phys. Rev. 60, 443 (1941). 
6. Gassmann, G.: Ann. Physik 36, 638 (1939). A volume of 23.9 cm3/mole is assumed 
to derive this value of V. 
7. DuBois: Ann. Physik 61, 537 (1894). 
8. Chauvin: J. phys. 9, 5 (1890). 
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TaBLE 61-2. MAGNETIC RoTratory POWER OF FILMS OF FERROMAGNETIC 
Merats MaGnetTizED TO SATURATION* 


Metal d a,/l, deg em! 

_ Ni red +89 ,000° + 10% 
Co red 198 , 000 10% 
Fe red 209 ,000 10% 
Fe¢ 578 382,500 + 2% 


* From W. Schutz, Wien-Harms Handbuch d. Experimental-physik 16, Part 1 (1936) 198, except as 
noted. 
@H. Konig, Naturwiss. 33, 71 (1946); Optik 3, 101 (1948). 


index of refraction) varies with the direction of vibration of the light wave and must 
be described by a symmetric second-rank tensor with six independent components. 
These six components can change with an applied electric field. There are a number 
of equivalent ways of introducing the electro-optic constants, but the most commonly 
accepted custom is to define the third-rank electro-optic tensor r;; which relates the 
change in the reciprocal dielectric tensor to the applied field (a vector). 


3 
1 1 1 
A (=), = (<3), za (ca), = > rit; 
j=l : 


where 7 = 1, 2, 3, 4, 5, 6 
j=1,2,3 
0 = without field 


This formulation is convenient because the index ellipsoid 


1 1 1 1 1 1 
+ Ge) + (a3). + Gadav + Ga) + Cava 


is commonly used in classical crystal optics to depict the optical behavior of a crystal. 

The above formulation is only the linear term in an expansion in powers of the 
electric field. In the general case there are 18 linear electro-optic constants, but in a 
crystal of high symmetry many of these are not independent or may vanish. In a 
medium possessing a center of symmetry (thus many crystals and all liquids) all the 
linear terms and electro-optic constants must vanish. Twenty-one of the 32 crystal 
symmetry classes do not contain centers of symmetry, and of these, 20 may exhibit 
the linear Pockels effect. These are the same 20 classes which exhibit linear 
piezoelectricity, for the electro-optic tensor is of the same type as the piezoelectric 
- tensor. 

Some measured values of crystalline electro-optic constants are listed in the fol- 
lowing table. The values given are for the crystal at constant stress. Because of 
the interaction of the piezoelectric and photoelastic effects, a different result is 
obtained if the crystal is clamped in a condition of constant strain. 

The last column lists the potential difference in kilovolts required to develop a half 
wave of birefringent retardation in 5,461 light. 
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TABLE 61-3. Pockets EFFrecr 
Measured electro-optic constants units of 10-8 X (statvolts/em)—! 


1 3 
A =), == > rij; 


j=l 
Suriiastey Half-wave 
Crystal Electro-optic coefficients voltage, 
kv at 5,461 
Quartz®> . i Mera s. tarehinae Gis Ta. = 1.4; T11 = 0.59 
Rochelle salt®...... rai = —6.0; r52 = —5.1; re3 = +0.95 
Tourmaline?........ ree = 0.9 
Sodium chlorate-. . . ra, = 1.19 200 
Zinc sulfide’?....... rai = 5.0 12.4 
Zine sulfide?........ ray = 6.4 9.3 
Cuprous chloride. . ra. = 18.4 6.2 
NH,HePO¢........ T63 = —25; Ta, = 62 9 6 
KH.,PO,/ i ane ele, whe ees Te3 = —32; Ta = 26 7.5 
KD.2PO, Siaretele te tee texts 763 = —70 3.4 
KH2AsOy.......... r63 = —39 6.2 
RbH2PO./ ita iace. Bile: tao co ros = —33 7.3 
NH.H.AsO,/. a ae T63 = —19 13 


2 F, Pockels, Abhandl. Ges Wiss. Géttingen, Math. Physik. Kl. 39, 1 (1893). 
’N. Gunther, Ann. phys. 18, 783 (1932). 

¢C, Schramm, Ann. phys. 25, 309 (1936). 

@C. D. West, J. Opt. Soc. Am. 43, 335 (1953). 

eR. O’B. Carpenter, J. Opt. Soc. Am. 40, 225 (1950). 

JH. Jaffe, Brush Electronics Co., privately communicated. 

9 Kara, Mathieu, and Poulet, J. phys. radium 15, 60-61 (1954). 


6j. Specific Rotation 


TaBLE 6j-1. Speciric Rotation™ 
oes Solids 


Wave- Rota- Wave-| Rota- 
Substance length, tion, Substance length, | tion, 
a  =©|deg/min 


Se a aE ee 


Cinnabar (HgS)........ ) ) teeeeee 10.3726 |+58.894 


Lead hyposulfate....... 0.3609 | 63.628 
Potassium hyposulfate. . 0.3582 | 64.459 
Quartz ss ntan taken 0.3466 | 69.454 


0.3441 70.587 
0.3402 | 72.448 
0.3360 | 74.571 
0.3286 | 78.579 
0.3247 | 80.459 
.3180 | 84.972 
2747 | 121.052 
.2571 | 143.266 
.2313 | 190.426 
.2265 | 201.824 
.2194 | 220.731 
. 21740} 229.96 
.2143 | 235.972 
.4307 .1750 | 453.5 
.4101 .1525 | 776.0 
.3968 .193 | Sodium bromate. . 2.8 
.3933 .155 | Sodium chlorate. . 3.13 
3820 625 | 


. 5895932 
5895 
. 5892617 
. 5889965 
. 5889 
. 5460741 
. 5269 
.4861 


qooococoooqooeooc]e 


3. 
1. 
0. 
0. 
0. 
0. 
0 
0. 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


Specific rotation or rotatory power is given in degrees per decimeter for liquids and solutions and 
in degrees per millimeter for solids; + signifies right-handed rotation, — left. Specific rotation varies 
with the wavelength of light used, with temperature and, in the case of solutions, with the concentration. 
When sodium light is used, indicated by D in the wavelength column, a value of \ = 0.5893 may be 
assumed. 

Optical rotatory power for a large number of organic compounds will be found in the ‘International 
Critical Tables,’”’ vol. VII; for sugars, vol. ITI. 

*Most of the data taken from ‘“‘Handbook of Chemistry and Physics.” 36th ed., pp. 2752, 2753, 
2754, Cnemical Rubber Publishing Company, 1954-1955. . 
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TaBLeE 6j-1. Speciric Rotation (Continued) 
Liquid 


Wave- . ; 
Liquid ae see a) gee 
Amyl alcohol.................0......] 0 ecu en ’ D — 65.7 
Carn DU OMit:i.03.d.4 sleds ds dls He ates 204 D + 70.33 
Cedar Ol. 2 ccs air i bth wie kee a eeeaes 15 D — 30 to —40 
Citron oil......... atta acer ute sg te 15 D + 62 
Ethyl malate (C2H;)2.C.H,0; Ecce tot oh tote oe 11 D — 10.3 to —12.4 
Mentholiscs 3 seged) oa Che oe chs 35.2 D —49.7 
Nicotine CrHuN: ida: cate Gorse wa a lat Sg Corea? tel Wo vende Site %e 10-30 D —162 
20 0.6563 — 126 
20 0.5351 — 207.5 
| 20 0.4861 — 253.5 
Turpentine CioHe.................... 20 D — 37 
| 20 0.6563 — 29.5 
20 0.5351 — 45 
20 0.4861 — §4.5 


Specific rotation or rotatory power is given in degrees per decimeter for liquids and solutions and 
in degrees per millimeter for solids; + signifies right-handed rotation, — left. Specific rotation varies 
with the wavelength of light used, with temperature and, in the case of solutions, with the concentration. 
When sodium light is used, indicated by D in the wavelength column, a value of } = 0.5893 may be 
assumed. - 

Optical rotatory power for a large number of organic compounds will be found in the “ International 
Critical Tables,’ vol. VII; for sugars, vol. II. 

* Most of the data taken from ‘“‘ Handbook of Chemistry and Physics,” 36th ed., pp. 2752, 2753, 
2754, Chemical Rubber Publishing Company, 1954-1955. 
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TaB_e 6j-1. Sprciric RorTaTion (Continued) 


Substance 


Albumen.............. 
Arabinose............. 


Dextrose d-glucose 
ColH120¢ 


Galactose............. 


l-Glucose (8).......... 
Invert sugar CgH120s¢... 


Lactose............... 


Levulose fruit sugar.... 
Maltose.............. 
Mannose.............. 
Nicotine.............. 


Potassium tartrate..... 


Quinine sulfate........ 
Santonin.............. 


OPTICS 
Solutionst 
Solvent Cae 
Water | eat | | 
Water 20 
Alcohol 20 
Benzene 20 
Ether Made 
Water 20 
Water 
Water 20 
Water 20 
25 
Water 20 
Water 25 
25 
Water 20 
25 
Water 20 
Water 20 
Benzene 20 
Water 20 
Water 17 
Alcohol 20 
| 20 
Chloroform 20 
Alcohol 20 


Wave- 
length, 


SboGs SoSeGr 


0.6867 
0.5269 
0.4861 


Correction 
for concen- 
tration or 
temp. 


Specific 
rotation, 


deg /dm 


25 to —38 
105.0 
54.4 —0.135d for 
d = 45-91 
56 — 0.166d for 
d = 47-90 


57 
52.5 + 0.025d for 
d = 1-18 
62.03 + 0.04257c for 
c = 6-32 
83.9 + 0.078d — 
0.21t for d = 4-36 and 
t = 10-30°C 


+ + ++ + 41 


— 61.4 
— 19.7 — 0.0386c for 
| c = 9-35 
a = a2 + 0.304(¢ — 20) 
+ 0.00165 
(¢ — 20)? for ¢ = 3-80°C 
— 21.5 
+ 52.4 + 0.072 
(20° — t) fore = 
+ 61.9 + 0.085 
(20° — t) fore = 5 
88.5 — 0.145d for 


d = 2.6-18.6 
— 105.30 
+ 138.48 — 0.01837d for 
d = 5-35 
+ 153.75 
Ae. A ec = 10.2 
— 77 ford = 1-16 
— 164 for d = 8-100 
27.14 + 0.0992c — 
0.00094c? for c = 8-50 
— 214 
— 161.0 c = 1.78 
+ 693 c = 4.05 
— 202.7 + 0.309d for 
d = 75-96.5 
+ 442 c = 4.05 
+ 991 ec = 4.05 
+1,323 c = 4.05 


+ Corrections for values of the specific rotation for concentration are given in the last column. c indi- 
cates concentration in grams per 100 ml of solution; d indicates the concentration in grams per 100 g 


of solution. 
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TABLE 6j-1. Specrric Rotation (Continued) 


Solutions t 
Temp ae Ebene | shi pen 
Substance Solvent on | length, rotation, : 
C deg jan tration or 
a temp. 
Sodium potassium tar-| Water 20 D + 29.75 — 0.0078c 
trate (rochelle salt) 
Sucrose (cane sugar) Water 20 D + 66.412 + 0.01267d 
Ci2H220u — 0.000376a? for 
d = 0-50 


or = aeol1 — 0.00037 
(¢ — 20)] for t = 14-30°C 


. ei : r 2 A rata ‘ A a 


TABLE 6j-1. SpecitFic Rotation (Continued) 
Solutions ft 
Sucrose dissolved in water, 20°C 


ho Spec. rot. Spec. rot. Spec. rot. 
670.8 (Li) +50.51 +90. 46 5 
643.8 (Cd) 55.04 91.16 8 
636.2 (Zn) 56.51 103 .07 od 
589.3 (Na) 66. 45 103 . 62 6 
578.2 (Cu) 69.10 107.38 2 
— 578.0 (Hg) 69.22 109.49 9 
570.0 (Cu) 71.24 ; 109.69 .0 
546.1 (Hg) 78.16 126. 2 
521.8 (Cu) 86.21 127. 7 
515.3 (Cu) 88.68 128. 8 
.l 
Solutionst | 
Substance Solvent | °C i” Spec. rot. Correction 
Tartaric acid (ord.)..... Water 20 D +15.06 — 0.131c 
20 | 0.6563 7.75 
20 D 8.86 
20 | 0.5351 p65 
3 20 | 0.4861 9.37 3 
Turpentine.............] Alcohol | 20 D —37 — 0.00482d — 0.00013? 
for d = 0-90 
Benzene} 20 D —37 — 0.0265d for d = 0-91 i 
PV lOSC wis Bees Eh dds Water | 20/ D +19.13 d=2.7 a 


+ Corrections for values of the specific rotation for concentration are given in the last column. c indi- 
cates concentration in grams per 100 ml of solution; d indicates the concentration in grams per 100 g 
of solution. 


6k. Optical Constants of Metals 


GEORGE HASS 


_ Engineer Research and Development Laboratories 


Several constants have been used to describe the optical behavior of metals. In 
principle, at any wavelength, two such constants should be sufficient to give the 
complete behavior of the metal. One constant has to do with the velocity of light 
in the metal and the other with the absorption of light by the metal. 

To determine these constants, it is necessary, in general, to make experimental 
measurements of the metal properties at the frequency required. The measure- 
ments cannot be made at direct current and extrapolated to light frequencies of the 
order of 1014 cps. 

The constants tabulated in Tables 6k-1 to 6k-3 are the ones most commonly 
used. These are n = refractive index and k = absorption constant. The refrac- 
tive index is defined as the ratio of the velocity of light in a vacuum to the velocity 
in the metal. This is the phase velocity, which in metals is frequently greater than c, 
the velocity of light in a vacuum. This is not a violation of the Einstein relativity 
law. 

The absorption constant is defined by the equation 


__ 2akt 
E=Ee 


where Hy = amplitude of an electric wave measured at a point in an absorbing 
medium | 
E = amplitude measured at a distance ¢ in the direction of propagation away 
from the first point | 
Both n and k can also be defined as the real and imaginary part of a complex index 
of refraction 


N=n-—tk 


A variety of other constants have been used in treating metals and absorbing 
materials. First is the extinction coefficient « which is equal to the absorption con- 
stant divided by the index of refraction. Second is the absorption coefficient a which 
is defined by the equation 


I —_ i 


where J is the intensity of an electromagnetic disturbance and ¢ is the distance 
traveled in the material. 
When light is reflected from a metal surface, it experiences a phase-shift change 
which is a function of the angle of incidence of the light and its state of polarization. 
In connection with this phase shift, two other constants are commonly used to 
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describe the optical behavior of a metal. These are the angle of principal incidence ¢ 
and the principal azimuth ?. 

At the angle of principal incidence there is a phase change of 90 deg between the 
components of polarized light vibrating in the plane of incidence and at right angles 
to the plane of incidence. Light vibrating in the principal azimuth reflected at the 
angle of principal incidence becomes circularly polarized. 

These last two constants are tabulated particularly because these are the numbers 
which are measured directly in most of the techniques for determining the optical 
behavior of metals. Also, these numbers are used in some of the techniques for 
determining the thickness of dielectric films deposited on metal surfaces. 

The index of refraction and the absorption constant are related to ¥ and ¢ by the 
equation 


Nn = meine (a +5 cot? 5) 
(1 +5) 


tan 27(1 — cot? g) 


k 
n 


Since reflection methods are used in determining the constants, they are strongly 
dependent on the characteristics on the metallic surface. These characteristics vary 
considerably with the chemical and mechanical treatment. Accordingly, there has 
always been a certain degree of controversy on the subject of the optical constants 
of metals. Since the oldest measurements were made, there has been considerable 
development in the preparation of metallic surfaces by evaporation in a vacuum. 
They are frequently quite different from surfaces of bulk metals prepared by polishing. 
_By no means all the metallic constants have been determined on such freshly pre- 
pared surfaces. 

A great deal of work remains to be done in this area. The following tables include 
both old and new data. In a few places there is conflict. Rather than replace the 
old figures, it seemed appropriate to include all of them. It is recommended in 
conflicting cases that the new data be used. 


TABLE 6k-1. OpticaAL CoNnsTANTS OF THE Most IMpoRTANT 
EVAPORATED Mirror COATINGS 


nr — 


k% 

Metal r,t n k sinputed Ref. 
Aluminum....... 400 0.40 3.92 ty Oe « 1 
435 0.40 4.16 91.6 2 

491 0.57 5.19 92.3 2 

546 0.76 5.49 90.8 2 

578 0.89 5.68 90.0 2 

644 1.12 — 6.26 89.6 2 

700 1.55 7.00 1 

750 1.80 7.12 1 

800 1.99 7.05 1 
850 2.08 7.15 1 

900 1.96 7.70 1 

950 1.75 8.50 1 
Copper.......... 450 0.87 2.20 1 
500 0.88 2.42 ‘ae 1 

550 0.756 2.462 66.7 3 

600 0.186 | 2,980 92.7 3 

650 0.142 3.570 95.9 3 

700 0.150 4.049 96.6 3 

750 | 0.157 4.463 96.9 — 3 

800 0.170 4.840 97.2 3 

850 0.182 5,222 97.3 3 

900 0.190 5 569 97.7 3 

950 0.197 5.900 97.8 3 

1,000 0.197 6.272 98.0 3 

Gold .4.ci4o022¢4 450 1.40 1.88 1 
500 0.84 1.84 ae 1 

550 0.331 2.324 81.6 3 

600 0.200 2.897 91.9 3 

650 0.142 3.374 95.5 3 

700 0.131 3.842 96.7 3 

750 0.140 4.266 97.1 3 

800 0.149 4.654 97.4 3 

850 0.157 4.993 97 .6 3 

900 0.166 5.335 97.8 3 

950 0.174 5.691 97.9 3 

1,000 0.179 6.044 98.1 3 
Rhodium........ 546 1.62 4.63 77.2 2 
Silver........... 400 0.075 1.93 1 
450 0.055 2.42 ees 1 

500 0.071 3.020 97.3 3 

550 0.069 3.429 97.9 3 

600 0.072 3.348 98.2 3 

650 0.080 4.257 98.4 3 

700 0.093 4.645 98 .4 3 

750 |. 0.103 5.005 98.4 3 

800 0.110 5.409 98.6 3 

850 0.121 5.757 98.6 3 

900 0.128 6.089 98.7 3 

950 0.130 6.476 98.8 3 

1,000 0.129 6.829 98.9 3 


een a 8 
The true optical constants of metals can be determined only with compact evaporated films pro- 
duced by fast evaporation under good vacuum conditions. 


References 


1. Schulz, L. G.: J. Opt. Soc. Am. 44, 357 (1954). Schulz, L. G., and F. R. 
Tangherlini: J. Opt. Soc. Am. 44, 362 (1954). 
2. Hass, G.: Optik 1, 2 (1946). 
2, Weiss, K.: Z. Naturforsch. 8a, 143 (1948). 
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TaBLE 6k-2. Optica, ConsTaNtTs OF METALS 


® 
Metals A, uw 
de- | min- 
grees | utes 
Aluminum........... 0.589 | ... 
Antimony............ 0.589 | ... 
Bismuth (prism)...... White | ... 
Bronze.............. 0.527 | ... 
0.589 | ... 
Cadmium............| 0.589 | ... ek 
Chromium........... 0.579 | ... ae 
Cobalt......... .| 0.231 64 31 
0.275 70 22 
0.500 77 5 
-0.650 79 0 
1.00 81 45 
1.50 83 21 
2.25 83 48 
Columbium.......... 0.579 | ... |... 
Copper.............. 0.231 65 57 
0.347 65 6 
0.500 70 44 
0.650 74 16 
0.870 78 40 
1.75 84 4 
2.25 85 13 
4.00 87 20 
5.50 88 00 
Old eaystile s5g 6 5 6 le ict 0.257 | ... ssncls 
Electrolytic........ 0.441 | ... |... 
0.589 | ... ats 
1.00 81 45 
2.00 85 30 
3.00 87 05 
5.00 88 15 
Todine............... 0.589 | ... ie 
Tridium.............. 0.579 A Ms 
1.00 82 10 
2.00 83 10 
3.00 81 40 
5.00 79 00 
DOW ssc scs Kee ea 0.257 | ... res 
0.441 an 
0.589 ee 
LOG oe 2 iene see Sas 0.589 | ... ace 
Magnesium.......... 0.589 | ... we 
Manganese......... 0.579 | ... 448 
Mercury (liq.)...... 0.326 | ... 8G 
0.441 e% ts 
0.589 | ... a 
0.668 | ... ary 
Nickel...............] 0.420 72 20 
0.589 76 1 
0.750 78 45 
1.00 80 33 
2.25 84 21 
0.275 ’ eae 
0.441]... — 
0.589 | .,. a” 
Platinum............ 1.00 75 30 
2.00 74 30 
3.00 73 50 
5.00 72 00 
Electrolytic........ 0.257 | ... fe 
0.441 : 
0.589 Z 
0.668 ; 


de- 


min- 


grees | utes 


29 
29 
31 
31 
29 
26 


26 


26 
28 
33 
41 
42 
42 
42 
42 
41 


44 
43 
43 
43 


29 
29 
30 
32 


31 
31 
32 
32 
33 


37 
39 
41 
42 


—_—_—=—sor ee OO | | fl ff 


Computed 
n k/n k R 
1.44 f...... 5.32/83 
3.04 ]...... 4.94170 
AON Vavereet lees sacs Mi ces 
Mol S: Wises fas. cash eeec 
Dg ices ae é Pendens eee 
LAS Hediste 5.01/85 
A” lal Ue 4.85/70 
1.10 | 1.30 | 1.43/32 
1.41 | 1.52 | 2.14146 
1.93 | 1.93 | 3.72166 
2.35 | 1.87 | 4.40}69 
3.63 | 1.58 | 5.73/73 
5.22 | 1.29 | 6.73/75 
5.65 | 1.27 | 7.18/76 
1.80 |...... 2.11/41 
1.39 | 1.05 | 1.45/29 
1.19 | 1.23 | 1.47/32 
1.10 | 2.13 | 2.34156 
0.44 | 7.4 3.26/86 
0.35 |11.0 3.85/91 
0.83 }11.4 9.46/96 
1.03 {11.4 [11.7 |97 
1.87 |11.4 [21.3 |.. 
3.16 | 9.0 |28.4 |]... 
0.902) lessogs 1.14/28 
1.18 |...... 1.85]42 
0.47 |...... 2.83/82 
0.24 |28.0 6.7 |.. 
0.47 |26.7 112.5 
0.80 (24.5 {19.6 
1.81 |18.1 {33 : 
3.34 |...... 0.57/30 
21D? |e we 4.87/75 
3.85 | 1.60 | 6.2 |. 
4.30 | 1.66 | 7.1 
3.33 | 1.79 | 6.0 
2.27 | 2.038 | 4.6 ].... 
1.01 | 0.88 ]..... 16 
1.28 | 1.37 |..... 28 
1.51 | 1.63 ]..... 33 
Se 01 eeeeacex 3.48/62 
0.37 |...... 4.42/93 
2.49 |...... 3.89/64 
0.68 |...... 2.26/66 
POT Pec wax 3.42/74 
1268 fe esse 4.41175 
Dee Bese ieths 4.70|77 
1.41 | 1.79 | 2.53/54 
1.79 | 1.86 | 3.33/62 
2.19 | 1.99 | 4.36170 
2.63 | 2.00 | 5.26174 
3.95 | 2,33 | 9.20/85 
1.09 | 1.16 ]..... 24 
1.16 | 1.23 ]..... 25 
1.30 | 1.97 |..... 43 
1.14 | 3.25 | 3.7 |. 
0.70 | 5.06 | 3.5 |.. 
0.52 | 6.52 | 3.4 |.. 
0.34 | 9.01 | 3.1]... 
1.17 | 1.65 |..... 37 
1.84 ]...... 3.16/58 
ee a ee 3.54159 
ye ae 3.66/59 
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Authority 


Drude 
Drude 
Kundt, 1889 
Jamin 

Jamin 
Drude 
Wartenburg, 
Minor 
Minor 
Minor 
Ingersoll 
Ingersoll 
Ingersoll 
Ingersoll 
Wartenburg, 
Minor 
Minor 
Minor 
Ingersoll 
Ingersoll 
Ingersoll 
Ingersoll 


1910 


1910 


.-| Forst-Freed 
.| Forst-Freed 


Meier, 1903 
Meier, 1903 
Meier, 1903 
Forst-Freed 
Forst-Freed 


i. Forst-Freed 
.| Forst-Freed 


Meier, 1903 


Wartenburg, 1916 


..| Forst-Freed 
.| Forst-Freed 


Forst-Freed 
Forst-Freed 
Meier, 1903 
Meier, 1903 
Meier, 1903 
Drude 
Drude 
Wartenburg, 1910 
Meier, 1903 
Meier, 1903 
Meier, 1903 
Meier, 1903 
Tool 
Drude 
Ingersoll 
Ingersoll 
Ingersoll 
Meier, 1903 
Meier, 1903 
Meier, 1903 


..| Forst-Freed 
..| Forst-Freed 


Forst-Freed 


Forst-Freed 


Meier, 1903 
Meier, 1903 
Meier, 1903 
Meier, 1903 
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TasLE 6k-2. OpticaL CONSTANTS OF METALS (Continued) 


ee 


® Vv Computed 
“Metals ry, Authority 
de- | min-| de- | min- 
grees | utes | grees j utes 
Potassium..........-. 0.665 65 27 43 56 .8| Duncan, 1913 
0.589 62 58 43 42 Duncan, 1913 
0.472 57 9 43 0 .9| Duncan, 1913 
0.546} seb ace |) eee. i aaa Morgan, 1922 
Rhodium............- 0.579 Wartenburg, 1910 
Selenium.............| 0.400 Wood 
0.490 Wood 
0.589 Wood 
0.760 Wood 
Silicon, 95%.......-- Pure 
0.579 75 38 .7| Wartenburg, 1910 
0.589 | ... | .-- Ingersoll 
1.25 Ingersoll 
2.25 ated? ater’ Ingersoll 
99.75% pure....... 0.589 76 BT hase UM vaceen .8| Littleton, 1912 
Silver. .........-00-- 0.226 62 41 22 16 Minor 
0.293 | 63 14 18 56 Minor 
0.316 52 28 15 38 Minor 
0.332 52 1 37 2 Minor 
0.395 66 36 43 8 Minor 
0.500 72 31 43 29 Minor 
0.589 75 35 43 47 Minor 
0.750 79 26 44 6 Ingersoll 
1.00 82 0 44 2 Ingersoll 
1.50 84 42 43 48 Ingersoll 
2.25 86 18:| 43 34 Ingersoll 
3.00 87 10 42 40 ..| Forst-Freed 
; 4.50 88 | 20 41 10 ...| Forst-Freed 
Sodium............-- 0.665 72 11 44 29 .7| Duncan, 1913 
0.589 68 51 | 44 29 .1| Duncan, 1913 
0.546 68 | 48 44 20 .5| Duncan, 1913 
0.472 66 29 44 9 .2| Duncan, 1913 
0.435 66 QO | 44 6 .8) Duncan, 1913 
Cid iecsnesaeeeexe 4 O89. V\-oec: |] eee [eee ae Drude 
(solid).............] 0.546 = .9| Morgan, 1922 
Sodium-potassium: 
176.3%. BRewegaueawes 0.546 .6| Morgan, 1922 
45.0% K........... 0.546 ; .4| Morgan, 1922 
66.0% Kuciccisees: 0.546 .O| Morgan, 1922 
T4.2%,. Bases ihestes 0.546 .9| Morgan, 1922 
84.3% K.........-- 0.546 .2| Morgan, 1922 
Steel: 
0:44 % C oisada ed ces 0.589 77 15 .4| Littleton, 1912 
128 nC oie hae 0.589 77 22° .5| Littleton, 1912 
3.5 Uo Coca reas 0.589 77 SO, tse bees .O| Littleton, 1912 
0.226 66 51 28 17 Minor 
0.257 68 35 28 45 - Minor 
0.325 69 57 30 9 Minor 
0.500 75 47 29 2 Minor 
0.650 77 48 27 9 Ingersoll 
1.50 81 48 28 51 Ingersoll 
2.25 83 22 30 36 Ingersoll 
Tantalum..........-- 0579: | sac th ewe [wae Pees Wartenburg 
Tellurium: 
axis horizontal...... 1.590 Van Dyke, 1922 
axis vertical........ 0.590 Van Dyke, 1922 
Tin. 6G e eae ts eee 0.589 Drude 
Tungsten............ 0.579 76 0 .6| Wartenburg 
0.589 78 31 .5| Littleton, 1912 
Vanadium........... 0.579 | ... | --- Littleton, 1912 
DANG 3 22h0 les eee se aes 0.257 Meier, 1903 
0.441 Meier, 1903 
0.589 Meier, 1903 
0.668 ah es os Meier, 1903 
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TaBLE 6k-3.. Optica, Constants oF CERTAIN OTHER METALS 


DETERMINED IN A Vacuum* 


Metal 
Beryllium........ 74.5 42 
74.5 42 
74.4 43. 
74.1 43 
73.8 44 
Magnesium...... 75.9 83 
75.3 81 
73.0 | 80 
71.6 80 
71.2 79 
Calcium......... 69.4 83 
68.5 84 
66.9 83 
64.3 82 
63 .6 80 
Strontium........ 68.6 76 
67.7 75 
64.5 74 
63.5 73 
61.1 73 
Barium.......... 64.5 |° 65 
64.4 65 
61.9 63 
59.7 64 
59.1 63 
Germanium...... 75.5 21 
75.2 23 
74.1 26 
73.8 31 
73.3 34 
Lanthanum...... 75.6 | 61 
75.7 60 
72.0 64 
71.5 64 
Cerlum.......... 73.6 55 
72.4 56 
69.4 58 
Manganese....... 76.4 51 
76.2 52 
74.1 | 53 


* H. M. O’Bryan, J. Opt. Soc. Am. 26, 122 (1936). 
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TABLE 6k-4. REFLECTANCE OF FRESHLY EvaroRATED FILMS OF SSUUMINU A, 
SitvER, GoLpD, CoppER, AND R#HopiuM* 
(From 0.22 to 10x) 


r, we Al Ag Au Cu Rh 
0.220 91.5 28.0 27.5 40.4 58.5 
0.240 91.9 29.5 31.6 39.0 61.3 
0.250 92.1 30.4 33.2 37.0 63.0 
0.260 92.2 | 29.2 35.6 35.5 65.0 
0.280 92.3 25.2 37.8 33.0 68.5 
0.300 92.3 17.6 37.7 33.6 ‘gue 
0.315 92.4 5.5: 37.3 35.5 73.0 
0.320 92.4 8.9 37.1 36.3 73.6 
0.340 92.5 72.9 36.1 38.5 75.5 
0.360 92.5 88.2 36.3 41.5 77.0 
0.380 92.5 92.8 37.8 44.5 77.4 
0.400 92.4 94.8 38.7 47.5 77.6 
0.450 92.2 96.6 38.7 DONE 77.2 
0.500 91.8 97.7 47.7 60.0 77.4 
0.550 91.6 97 .9 81.7 66.9 78.0 
0.600 91.1 98.1 91.9 93.3 79.1 
0.650 90.3 98.3 95.5 96.6 79.9 
0.700 89.9 98.5 .| 97.0 97.5 80.4 
0.750 88.0 98.6 97.4 97.9 81.2 
0.800 86.3 98.6 | ° 97.7 98.1 82.0 
0.850 85.8 98.7 97.8 98.3 82.8 
0.900 88.9 98.7 98.0 98.4 83 .5 
0.950 91.8 98.8 98.1 98.4 84.2 
1.0 93.9 98.9 98.2 98.5 85.0 
1.5 96.8 98.9 98.2 98.5 88.2 
2.0 97 .2 98.9 98.3 98.6 90.5 
3.0 97.5 98.9 98.3 98.6 92.5 
4.0 97.6 98.9 98.3 98.7 94.0 
5.0. 97.7 98.9 98 .3 98.7 94.5 
6.0 97.7 98.9 98.3 98.7 94.8 
7.0 97.8 98.9 98.4 98.7 95.2 
8.0 97.9 98.9 98.4 98.7 95.5 
9.0 97.9 98.9 98.4 98.8 95.8 
10.0 98.0 98.9 98.4 98.8 96.0 


The reflectance of a good evaporated coating is always higher than that of a polished or electro- 
lytically produced surface of the same material. One of the main conditions for preparing a high- 
quality reflection coating by evaporation in high vacuum is a high rate of deposition or fast evaporation 
of the metal. 

* G. Hass, Engineer Research and Development Laboratories, Fort Belvoir. 
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TABLE 6k-5. REFLECTION OF Licut BY METALS* 


; Bronze | Copper, | Gold, Mag- Mercury, 

he ie eae (68 Cu, | com- | electro- | Iron | nalium, backed 

g y | 32Sn) | mercial | lytic Mach’s glass 
0.251; .... 0.30 25.9 38.8 67.0 
0.288 eer ee 24.3 34.0 70.6 
0.305. 25.3 31.8 72.2 
0.326 24.9 28 .6 75.5 
0.357 27.3 27.9 81.2 
0.3885| .... 0.53 28 .6 27.1 - 83.9 
0.420; .... re 32.7 29.3 a 83.3 
0.450] .... ee 37.0 33.1 ee 83.4 72.8 
0.500; .... 0.63 43.7 47.0 0.55 83.3 70.9 
0.550] .... bees 47.7 74.0 ~ 82.7 71.2 
0.600; 0.53 0.64 71.8 84.4 0.57 83.0 69.9 
0.650; .... eae 80.0 88 .9 Sines 82.7 71.5 
0.700 83.1 92.3 0.59 83.3 72.8 
0.800; .... stad 88.6 94.9 esis 84.3 
1.00 0.55 0.70 90.1 sohacit 0.65 84.1 
2.0 0.60 0.80 95.5 96.8 0.78 86.7 
3.0 0.65 0.86 97.1 ee 0.84 87.4 
4.0 0.68 0.88 97.3 96.9 0.89 88.7 
9.0 0.72 0.93 98.4 98.0 0.94 90.6 | 
Wave. | Nickel, | Platinum, ye) Silver- |g cculum 
length electro- | electro- | , ally de- backed Baral Steel | Tungsten 

lytic lytic posited glass 

0.251 37.8 33.8 34.1 29.9 32.9 
0.288 42.7 38.8 21.2 37.7 35.0 
0.305 44.2 39.8 9.1 41.7 37.2 
0.326 45.2 41.4 14.6 Prced 40.3 
0.357 48.8 43.4 74.5 51.0 45.0 
0.385 49.6 45.4 81.4 20 53.1 47.8 
0.420 56.6 51.8 86.6 Sag 56.4 51.9 
0.450 59.4 54.7 90.5 85.7 60.0 54.4 
0.500 60.8 58.4 91.3 86.6 63.2 54.8 0.49 
0.550 62.6 61.1 92.7 88 . 2 64.0 54.9 
0.600 64.9 64.2 92.6 88.1 64.3 55.4 0.51 
0.650 66.6 66.5 94.7 89.1 65.4 56.4 
0.700 68.8 69.0 95.4 89.6 66.8 57.6 0.54 
0.800 69.6 70.3 96.8 sas: ieee 58.0 
1.00 72.0 72.9 97.0 a 70.5 63.1 0.62 
2.0 83.5 80.6 97.8 80.4 76.7 0.85 
3.0 88.7 88.8 98.1 86.2 83.0 0.90 
4.0 91.1 91.5 98.5 88.5 87.8 0.93 
9.0 95.6 95.4 98.7 92.2 92.9 0.95 


a eae TP eT ER. eT / GENO Sera Ee Pe 
The table gives the per cent of normally incident light which is reflected by the polished surface 
of various metals. 
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TaBLe 6k-5. REFLECTION or LiagHt BY METALS* (Continued) 


Wave- | Alumi-| Cad- Co- |Graph-| Irid- | Molyb-| Palla- | Rho- | Sili- 
length | numf | miumf| baltt itet | ium} jdenumf; diumt diumf | cont 


—— ers | eis |e neenereirreecienteiy | -amneenemneewemeenrremerremremnaes § ace e e e See er a rn 


0.5 aue 22 =—T 46 76 34 
0.6 ae, 24 bide 48 T7 32 
0.8 — 25 — 52 81 29 
1.0 71 72 67 27 78 58 72 84 28 
2.0 82 87 72 35 87 82 81 91 28 
4.0 92 96 81 48 94 90 88 92 28 
7.0 96 98 93 54 95 93 94 94 28 
10.0 98 98 97 59 96 94 97 95 28 
12.0 98 99 97 bhi 96 95 97 
nnn Reece OR Rs NA RO 
Wave-| Tanta- Tel- | ; Vana- ; Wave- | Tung- 
length | lum lurium Tin dium Zine length | stent Stellitet 
0.5 38 57 : 0.15 | ...., 0.32 
0. 45 49 58 act 0.20 | ..... 0.42 
0.8 64 48 60 es 0.30 | ..... 0.50 
1.0 78 50 54 61 80 0.50 0.50 0.64 
2.0 90 52 61 69 92 0.75 0.52 0.67 
4.0 93 57 72 79 97 1.00 0.576 | 0.689 
7.0 94 68 81 88 98 2.00 0.900 | 0.747 
10.0 ees che 84 oe 98 3.00 0.943 | 0.792 
12.0 95 ae 85 ae 99 4.00 0.948 | 0.825 
5.00 0.953 | 0.848 
| 9.00 | ..... 0.880 
ees | 0880 © 
ee ee eee 


Wavelength, u,| gver q Monel ||. Stellite { | Zineg 


0.001 mm metal] 
0.45 88.0 56.5 63.5 54.0 
0.50 90.0 57.8 65.8 55.0 
0.55 91.5 59.0 68.3 56.0 
0.60 92.7 60.2 70.1 57.5 
0.65 93.5 61.8 71.0 60.0 
~ 0.70 94.1 63.7 71.8 61.0 
0.75 94.7 65.6 72.4 61.5 
—60.80 95.1 67.2 73.0 61.5 
0.90 96.0 70.0 73.5 55.5 
0.95 96.3 71.1 ee 51.0 
1.00 96.5. 72.3 74.0 49.0 
1.05 96.7 73.0 iad 53.5 
1.10 96.9 73.6 ee 62.5 
1.20 97 .2 74.8 74.5 74.7 
1.40 97.4 77.0 75.0 85.8 
1.50 97 .6 78.2 75.3 88.4 . 
1.75 97.8 81.2 76.0 92.0 
2.00 97.9 83.8 76.8 94.0 
2.50 98.0 87.0 78.6 95.3 
3.00 98.0 88.7 80.0 95.5 
3.50 98.0 89.5 81.4 95.8 
4.00 98.0 91.0 82.8 96.2 


* **Handbook of Chemistry and Physics,” 36th ed., pp. 2684, 2685, 2686, Chemical Rubber Pub- 
lishing Company, 1954-1955. 

Tt Coblentz, 1906, 1911. 

¢ Coblentz, Emerson, 1917. 

{ Coblentz, Natl. Bur. Standards (U.S.) Bull. 379 (1920). 


6]. Fluorescence and Phosphorescence 


TABLE 6]-1. Some CHARACTERISTICS OF FLUORESCENT CHEMICALS* 


Exciting Sensitivity Emitted Emitted 
Phosphor Lamp color range, fT peak, range, peak, 
A A A 

Calcium tungstate.......... Blue 2, 200-3 , 000 3,100-7 ,000 | 4,400 
Magnesium tungstate....... Blue-white 2, 200-3 , 200 3,600-—7 ,200 | 4,800 
Zinc silicate................ Green 2, 200—2 , 960 4,600—6,400 | 5,250 | 
Calcium halophosphates..... White 2,000—2 , 600 3, 500-6, 800 | 4,800, 5,800 
Cadmium silicate........... Yellow-pink | 2, 200-3, 200 4,800-7 ;400 | 5,950 
Cadmium borate........... Pink 2, 200-3 , 600 5, 200—7 ,500 | 6,150 
BL phosphor BaSi2Os with . 

PD caees Gani ie ateaces Blue ultra 2, 200—2,700 3,100—4,100 | 3,500 
Calcium phosphate with Ce | Red 2, 200-3 , 400 5 ,600—8,100 | 6,500 


and Mn 


plus uv 


* “Smithsonian Physical Tables,” 1954, Table 96. Data furnished by H. C. Froelich, of Nela Park. 
T 2,200 A was lower limit of measurements. 


TaBLE 6l-2. FLUORESCENCE OF ORGANIC SUBSTANCES IN SOLUTION* 
(Excitation by white light) 


Wave- 
Substance Solvent length, Observer 
Ls 
. 0.400 
Anthracene.............. Alcohol 0.430 | Stark and Meyer, 1907 
0.436 
Kosine...................| Alcohol or water | 0.589 | Nichols and Merritt, 1907 
Esculine................. Alcohol 0.460 | Nichols and Merritt, 1907 
Fluorescein............... Water (alkaline) 0.542 | Nichols and Merritt, 1907 
Naphthalin, red.......... Alcohol 0.632 | Nichols and Merritt, 1907 
Quinine sulfate........... Water 0.437 | Nichols and Merritt, 1907 
Resorcin blue............. Water 0.65 Nichols and Merritt, 1907 
Rhodamin............... Water 0.554 | Nichols and Merritt, 1907 


a 
* “ Handbook of Chemistry and Physics,”’ 36th ed., p. 2736, Chemical Rubber Publishing Company, 
1954-1955. . 
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TABLE 61-3. FLUORESCENCE OF GASES AND VAPORS* 


eect mc SS eee 


Condition 


Color or wavelength 


ey | sea Se Si EE 


Mercury... 


Oxygen.... 


Potassium. . 


Rubidium.. 


Sodium.... 


Vapor at 
ordinary 
temp. 

Vapor at 
ordinary 
temp. 


ocr et eo ee se oe 


Vapor, 
300-400°C 


Vapor at 
270°C 
Vapor at 
350°C 


Excitation Gf emitted light Observer 
Mercury arc Strongest bands Wood, 1911 
A = 0.546n A = 0.5460n, 0.5774u 
0.5730, 0.5796 
Spark between | Broad band Wood, 1909 
aluminum = 0.5900-—0.3000 
electrodes 
Mercury arc in | Strongest lines Streubing, 1910 
quartz tube A = 0.1849, 0.1851 
(ultraviolet) 


White light 


White light 
(elec. arc) 

White light 
(elec. arc) — 


Many strong lines Wood and Carter, 
from 0.6416-—0.6768, | 1908 
strongest 0.6544 and 


0.6584 

Strong red band Dunoyer, 1912 
A = 0.6900-—0.6620 

D, » = 0.5893 Dunoyer, 1912 
(mean) 


a nn Se SEIS SOO 
* “ Handbook of Chemistry and Physics,” 36th ed., p. 2736, Chemical Rubber Publishing Company, 


1954-1955. 


t 
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6m. Radiation Detection 


Radiation detectors can be classed as either thermal detectors or quantum detectors. 
In the former the radiation is absorbed and transformed into heat in the detector, 
producing a temperature rise in the device. Some characteristic of the detector 
changes as a function of temperature, and this characteristic can be measured to 
determine the quantity of radiation striking the detector. In this type of receiver, 
then, the quantity actually measured is the temperature change. In the quantum 
detector, on the other hand, the incident photons change the detector characteristic 
directly. 

There can be as many thermal detectors as there are material characteristics 
which change with temperature. Table 6m-1 lists some of the eommercially availa- 
ble types. 

TaBLE 6m-1. THERMAL DETECTORS 


Device Measured Characteristic 
Bolometer................ Change of electrical resistance with temperature 
Thermocouple............ Peltier effect or change of contact potential at a junction 

as a function of temperature 
Pneumatic detector........ Change of gas pressure in an enclosed chamber as a 


function of temperature 


Various kinds of quantum detectors are mentioned and described briefly in 
Table 6m-2. 
TABLE 6m-2. QUANTUM DETECTORS 


Device. Measured Characteristic 
Photoelectric cell.......... The emission of an electron from a surface when struck 
by sufficiently energetic photons 
Photoconductor cell....... The resistance of the cell changes directly as a result 
| photon absorption 
Photovoltaic cell.......... A voltage is generated directly as a result of the absorp- 


tion of a photon 


Photographic plate........ A silver halide is reduced to silver by photon BpsorPuoR 

The important characteristics of radiation detectors are: 

Spectral Response. This is a relative signal obtained from a detector at different 
wavelengths. In the case of thermal detectors, the response is generally independent 
of wavelength over a range from the ultraviolet to wavelengths which approach the 
dimensions of the detector. The responsivity of the detector is its output in volts 
or amperes as a function of light intensity or radiation intensity. | 

Noise. This is the random signal generated by a detector, independent of the 
signal from the radiation being measured. In the case of a thermal detector, this 
noise will include the basic statistical mechanical temperature fluctuation of whatever 
characteristic is being used to measure temperature. In the case of a bolometer this 
noise will be the Johnson or electronic thermal noise associated with the resistance. 
There can also be noise associated with the fluctuations in the radiation received by 
the detector from its environment and emitted by the detector to its environment. 
This photon fluctuation noise is usually smaller than other types of noises in detectors. 
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Fra. 6m-1. Characteristics of commercially available quantum detectors. 


Quantum detectors that produce electrical signals also develop the same types of 
noises associated with thermal detectors. In addition, some of these detectors can 
develop ‘“‘shot”’ noise which is associated with the random fluctuations in the emission 
of the electrons from a cathode surface. These noises are of the following kinds: 


ELECTRONIC THERMAL AGITATION NOISE: 
rms voltage = +/ AKT R(f2 — fi) 
where & = Boltzmann constant = 1.374 X 10723 joule/°K 
T = absolute temperature, °K 
f = electrical resistance, ohms 
fi, fe = frequency limits 
SHOT NOISE: | 
rms current = +/2e[ (fe —fi) amp 


where e = electronic charge, coulombs = 1.59 * 10719 
I = direct current, amp 
CURRENT NOISE: Noise arising from changes in state of the conducting holes and 
electrons in a semiconductor. Current noise voltage generally follows the relationship 


rms voltage = Ni CI? log # 
1 


where C' = a constant for the geometry and semiconductor material. 
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Fig. 6m-2. Spectral sensitivities of commercially available phototubes 
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Time Constant. The time required for the signal to complete all but 1/e of its 
steady-state change, following a step-function change in radiation, is called the 
time constant. | | 

The Equivalent Noise Input (E.N.I.) or Noise Equivalent Power (N.E.P.). The 
E.N.I. or N.E.P. is the average watts required to give a signal equal to the rms noise 
from the detector. Table 6m-3 gives the characteristics of various commercially 
available thermal detectors. The chart and data presented in Fig. 6m-1 provide 
similar information for some of the quantum detectors. Figure 6m-2 provides 
spectral sensitivity characteristics of some commercially available phototubes. 


6n. Velocity of Light 
| | TABLE 6n-1* _ 


No.| Date Experimenter — Method Velocity 
1 | 1876 | Cornu Toothed wheel L/T 299 ,990 + 200. 
2 | 1880 | Michelson Rotating mirror L/T 299,910 + 50 
3 | 1883 | Newcomb Rotating mirror L/T 299 ,860 + 30 
4 | 1883 | Michelson Rotating mirror L/T 299 ,853 + 60 
5 | 1902 | Perrotin Toothed wheel L/T 299,901 + 84 
6 | 1906 | Rosa and Dorsey Maxwell’s bridge esu/emu | 299,781 + 10 
7 | 1923 | Mercier Waves on wires dv 299 ,782 + 15 
8 | 1926 | Michelson Rotating mirror L/T 299,796 + 4 
9 | 1928 | Karolus and Kerr cell L/T 299,778 + 10 
Mittelstaedt : | 
10 | 1932 | Michelson, Pease, Rotating mirror L/T 299,774 +11 
and Pearson 
11 | 1940 | Huettel Kerr cell L/T 299,768 + 10 
12 | 1941 | Anderson Kerr cell L/T 299,776 + 14 
13 | 1950 | Bergstrand Electronic chopper L/T  |299,792.7 + 0.25 
14 | 1950 | Essen Microwave cavity |. dA». |299,792.5 +3 
15 | 1950 | Houstoun Vibrating crystal L/T 299,775 +9 
16 | 1950 | Bol and Hansen Microwave cavity dv 299 ,789 3 + 0.4 
17 | 1951 | Aslakson Shoran radar L/T  |299,794.2 + 1.9 
18 | 1952 | Rank, Ruth, and Molecular spectra _ dv 299,776 +7 
Vander Sluis beh 
19 | 1952 | Froome Microwave dy 299 792.6 + 0.7 
interferometer - 
20 | 1954 | Florman | | Radio interferometer dp 299,795 + 3.1 
299,792 + 6 


21 +} 1954 | Plyler | -| Molecular spectra dv 


* Scientific American. 
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Principal attempts to measure the speed of light are summarized in the chart and 
Table 6n-1. Vertical lines on the chart represent the range of error in each measure- 
ment, with the most probable value indicated by the short cross mark. The column 
to the left of the list of velocities on Fig. 6n-1 refers to the theory underlying each 
method. L/T means that the experimenter essentially measured a distance and a 


VELOCITY (KILOMETERS PER SECON 


isso 1890 1900 !910 I920 1930 1940 1950 1960 
DATE 
Fia. 6n-1. Determinations of the velocity of light. (Sctenttfic American.) 


time and found the velocity by dividing the two. esu/emu refers to the ratio of 
electrostatic to electromagnetic units. The expression dv indicates that the wave- 
length \ and the frequency » of some electromagnetic radiation were each measured 
experimentally and that these values were multiplied together to give the waves’ 
velocity. 


60. Radio Astronomy* 


L. M. BRANSCOMB 


National Bureau of Standards 


ce 


60-1. Radio-astronomical Measurements. Radio astronomy is an extension of 
photographic astronomy into the spectral range 15 to 30,000 Mc/sec to detect the 
radio noise which is part of the continuous spectrum of the radiation source. Large 
radio telescopes may have a beam width of the order of 1 deg, but modern radio 
interferometers can locate the positions of discrete sources of radio noise within 
angles smaller than 1 minute. To date, the only discrete spectral line observed is 
the hyperfine transition in the ground state of the hydrogen atom at a wavelength 
of 21 cm. In contrast with visual astronomy absolute intensities of the radio- 
frequency continuum are measured with relative ease. As a result the intensities P, 


1 The reader is advised to consult the current literature in this new and rapidly advancing 


field. 
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of radio noise signals from discrete sources are reported in either absolute units 
[watts/m?/sec)~1] or in terms of the equivalent photographic magnitude or equiva- 
lent thermodynamic temperature of the source, if the angular size of discrete objects 
is known. The definition of radio magnitude given by Brown and Hazard! is 


mr = —53.4 — 2.5 log P, 


where P, is the intensity in the units given above. 
For a radio source of finite extent (spherical with angular diameter d minutes of arc), 
the radio luminosity? is 
L, = 1.2 KX 10"P,r? ergs sec”! (c/sec)—! 
where the distance to the source r is given in parsecs.? The total volume emissivity is 


= 3.2 X 10~4P, 


J» dsr 


ergs cm~ sec™! (c¢/sec)~} 


In these units the source emissivities vary from 1.4 X 10-*° for the galaxy‘ to at 
least 10~?8 for the extragalactic sources of Taurus and Cassiopeia.® | 
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Fra. 60-1. The spectra of the three components of solar radio-frequency radiation. That of 
T's is constant (at least for several years) in form and level. That of T's varies in level and 
the curve shown corresponds to a sunspot area of 5,000 millionths. That of 7 x is highly 
variable in both form and level: the curve shown represents approximate, average, relative 
values for the various frequencies and for moderately disturbed conditions. {[Piddington 
and Minnett, Aust. J. Sci. Res. A4, 131 (1951).] 
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60-2. Solar Noise. Although solar noise power is often expressed in terms of the 
effective temperature. of the source, the spectrum is not of black-body character. 
Figure 60-1 shows the effective temperature of the sun as a function of the measured 


1R. H. Brown and C. Hazard, Phil. Mag. 48, 137 61952). 

2 R. Minkowski and J. E. Greenstein, Astrophys. J. 119, 238 (1954). | 

* Useful conversion factors from Aller, “‘Astrophysics,”’ p. ix, The Ronald Press Com- 
pany, New York, 1954. Parsec: 3.084 * 1018 em/pe; 3.258 light-year/pe. Light-year: 
9.463 X 10!” cm/light-year; log em/light-year = 17.97603. Astronomical unit = 1.49674 
X< 103 km. 

* Westerhout and Oort, Bull. Astron. Inst. N etherlands 11, 323 (1951). 

* R. Minkowski and J. E. Greenstein, Astrophys. J. 119, 238 (1954). 
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frequency.! Three components of the solar noise are distinguished by Piddington 
and Minnett: a basic steady component B from chromosphere and corona, a slowly 
varying component S associated with sunspot number, and rapid fluctuations of 
various kinds collectively termed X. The X component at low frequencies is closely 
related to violent solar activity and the correlated terrestrial atmospheric storms. 
About 80 per cent of solar flares are accompanied by radio noise at 200 Mc /sec.2 
60-3. Galactic Radio Noise. Galactic radiation is observed both in the continuous 
r-f spectrum and in the 21.10614-cm line of hydrogen. The frequency of this transi- 
tion has recently been remeasured in the laboratory and is given in Table 60-1. The 


TABLE 60-1. HyperFine SpiittiInc oF Atomic Hyprocen Grounp State 
(A = 21.10614 cm) 


vo, Mc/sec Technique | Investigator 


1,420.40580 + 0.00005 | Microwave absorption | Wittke and Dicke* 
1,420.40573 + 0.00005 | Molecular beam Kusch 


* J. P. Wittke and R. H. Dicke, Phys. Rev. 96, 530 (1954). 
+ P. Kusch, Phys. Rev. 100, 1188 (1955). 


isophotes of the continuous radio emission from the galaxy have been mapped at 
100 Mc/sec by Bolton and Westfold? and others. The radiation is concentrated in 
the galactic plane, and the nongaseous component is closely correlated in distribution 
with the general stellar distribution.‘ This distribution in galactic latitude is similar 
to the distribution of cluster-type variables,® consistent with the conclusion that the 
galactic radiation originates in population II objects, as well as in hot (ionized) 
interstellar regions. Equivalent galactic temperatures from 9.5 to 3,000 Mc/sec, as 
well as isophotes, are given by Piddington.® | 

The relative motion of distant parts of the galaxy can be traced by the Doppler 
shifts in the galactic radiation in the hydrogen hyperfine-structure line. The results 
show that the galaxy has a spiral structure, rotating with the arms of the spiral 
trailing, and with the arms not confined to a single plane.? The center of the galaxy 
is placed at about 8.2 kiloparsecs from the sun, the region near the sun having a linear 
velocity of about 216 km/sec.2 The temperature of the gas in the HI regions is 
deduced from the 21-cm line intensity and is about 100°K. Hydrogen radiation has 
also been detected from the Magellanic clouds.® | 

60-4. Discrete Radio Sources. The general galactic radiation at 21 cm is observed 
in emission. However, a source of strong hydrogen absorption (0.5 deg diameter) 
has been reported in a bright star cluster in Sagittarius. ° : 

Discrete radio sources have been described by Baade and Minkowski® in four 
categories: remnants of supernovae; galactic nebulosities of a new type; peculiar 


1J. H. Piddington and H. C. Minnett, Australian J. Sci. Research, ser. A, 4, 131 (1951). 

2R. Payne-Scott and A. G. Little, Australian J. Sct. Research, ser. A, 5, 32 (1952); 
H. W. Dodson, E. R. Hedeman, and L. Owren, Astrophys. J. 118, 169 (1953). 

3 J..G. Bolton and K..C. Westfold, Australian J. Sci. Research, ser. A, 8, 19 (1950). 

“R. H. Brown and C. Hazard, Phil. Mag. 44, 939 (1953). 

5 W. Baade and R. Minkowski, Astrophys. J. 119, 230 (1954). 

6 J. H. Piddington, Monthly Notices Roy. Astron. Soc. 111, 45 (1951). 

7H. C. Van de Hulst, Observatory 73, 129 (1953); J. H. Oort, Naturwise. 41, 73 (1954); 
H. C. Van de Hulst, C. A. Muller, and J. H. Oort, Bull. Astron. Inst. Netherlands 12, 117 
(1954). - | : 

8 Ibid. | 

°F. J. Ken, J. V. Hindman, and B. J. Robinson, Australian J. Phys. 7, 297 (1954). 


10 J. P. Hagen and E. F. McClain, Astrophys. J. 120, 368 (1954). 
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extragalactic nebulae; and normal extragalactic nebulae. The radio and photo- 
graphic positions of the identified sources are given by Baade and Minkowski.! 
Among the peculiar extragalactic nebulae, one of the most interesting is the source . 
in Cygnus A, where there is photographic evidence that the source is the remnant 
of two colliding galaxies.? 

For detailed information on radio astronomy and related topics see: 


Ryle, M.: Repts. Progr. in Phys. 18, 214 (1950). 

Lovell, A. C. B., and J. A. Clegg: “Radio Astronomy,” Chapman & Hall, Ltd., 
London, 1952. | 

Van de Hulst, H. C.: “A Course in Radio Astronomy,’ Leiden Observatory, Leiden, 
1951. 

Aller, L.: “‘Astrophysics,’’ The Ronald Press Company, New York, 1954. 

Lovell, A. C. B., and colleagues: Occasional N otes, Roy. Astron. Soc. 16, 29 (1954). 

Kuiper, G. P.: “The Solar System,” I. The Sun, University of Chicago Press, 
Chicago, 1953. : 

Bolton, J. G., F. G. Smith, R. Hanbury Brown, and B. Y. Mills: Discrete Source of 
Extra-terrestrial Radio Noise, Special Report 3, International Scientific Radio 
Union (URSI), Brussels, 1954. | 


1'W. Baade and R. Minkowski, Astrophys. J. 119, 206,230 (1954). 
2 Tbid., p. 206. 
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Ya. Atomic Constants 


Table 7a-1 gives the best values of the atomic constants with probable errors as of 
October, 1954, evaluated by J. A. Bearden, M. D. Earle, J. M. Minkowski, and J.8 
Thomsen of The Johns Hopkins University. While the least-squares method was used, 
the result is substantially equivalent to a direct solution based on the following experi- 
ments: the microwave measurement of the fine-structure constant a by Triebwasser, 
Dayhoff, and Lamb;? the determination of the magnetic moment of the proton in 
nuclear magnetons by Sommer, Thomas, and Hipple;? the measurement of the gyro- 
magnetic ratio of the proton by Thomas, Driscoll, and Hipple;? a weighted mean of 
several recent velocity-of-light experiments; and the determination of the ratio of the 
proton magnetic moment to the anomalous moment of the electron by Koenig, 
Prodell, and Kusch.* Atomic masses were obtained from weighted means of recent 
values given in a review by Duckworth, Hogg, and Pennington.$ | 

These values are in good agreement with most other recent experiments of high 
precision except for the X-ray determinations of h/e, where it seems possible there 
may be some unsuspected source of systematic error. For this reason, no X-ray data 
of any kind were used in the evaluation. eee | 

Wherever atomic weights are involved, the physical scale is used. | 


_ 1Triebwasser, Dayhoff, and Lamb, Phys. Rev. 89, 98 (1953). 

- 28ommer, Thomas, and Hipple, Phys. Rev. 82, 697 (1951). | 

3 Thomas, Driscoll, and Hipple, J. Research Natl. Bur. Standards 44, 569 (1950). 
4 Koenig, Prodell, and Kusch, Phys. Rev. 88, 191 (1952). . | | 
5 Duckworth, Hogg, and Pennington, Revs. Modern Phys. 26, 463 (1954). 
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TaBLE 7a-1. GENERAL ATOMIC CoNSTANTS 


Electronic charge 
Specific charge of electron 
Avogadro's number (molecules per ‘a018) 
Loschmidt’s number (molecules per em) 
Velocity of light in vacuum 
Faraday F = Ne/c 
Planck's constant 

= h/2x 


BOS SRS RO RR Se OR | Rea OE BL ea ck 


Bohr magneton jo = he /4ame 
Zeeman displacement per gauss 


Magnetic moment of electron 
‘Nuclear magneton 


Magnetic moment of proton 


Rydberg constant for hydrogen 


Rydberg constant for infinite mass 


Fine-structure constant 27e2/he 


ER, Re RES SS Re PSE 8 OS: HS 8 ie: SB eS 8" ie Cal’ 20: ctw), orl blues Le C8 Ue Mee ge 


First Bohr radius h?2 /Antonet 
Band-spectrum constant BI = 
First radiation constant (8rhc) 
Second radiation constant he /k 


h /8x°c 


Stefan-Boltzmann constant 275k‘ /15¢ ana 


Boltz mann constant 


EG AE RO ER EIS Oe! OFA oe SSO a8. 88, (iat Se. S., , el ves i.e! 686. 0 Ne oe 


Wien:displicemeat ine constant 
Gas constant per mole Ro = Nk 
Molar volume 


(4.8029 + 0.0001) X 10-1 esy 
(5.2731 + 0.0002) X 1017 esu go 
(6.0248 + 0.0003) X 1023 (g-mole)-1 


| (2.6871 + 0.0002) x 101° em-3 


(2.997923 + 0. 000008) X< 1019 em sec-! 
(9652.2 + 0.2) emu (g-equivalent) -1 
(6.6253 + 0.0003) « 10-27 erg sec 

(1.05445 + 0.00005) x 10-27 erg sec : 
(1.37943 + 0. 00003) X 10-!7 erg sec eau) 
(7.27383 + 0.00005) cm? sec-1 a 
(0.92734 + 0.00003) K 10-29 erg gauss-! 
(4.6689 + 0.0001) 10-5 em-: gauss—1 

(0. 92840 + 0.00003) x 10-20 erg gauss! 
(5.0505 + 0.0002) « 10-24 erg gauss~! 
(1.41049 + 0.00004) x 10-23 erg gauss—! 
(109677. 58 + 0.01) em- 

(109737.31 + 0.01) em-! 

(7.29732 + 0.00003) x 1073 

137.0366 + 0.0005 

(5.29175 + 0.00002) « 10-% em 

(2.7990 + 0.0002) x 10-3° g em 

(4.9919 + 0.0002) x 10-15 erg cm 

(1.43886 + 0.00005) cm deg 
(5.6685 + 0.0007) « 10-5 erg cm? deg~ see7! 
(1.38041 + 0.00007) x 10-18 erg deg-} 
(0.69500 + 0.00002) em-! deg-! 
(0.289794 + 0.000009) cm deg 


‘| (8.3167 + 0.0003) x 107 erg mole-! deg=} 


(2.24208 + 0.00003) x 104 em? mole™! 


Masses 


Sc aa cae | : 


M/mN 


Mass of electron © 


Reduced mass of electron.in hydrogen atom 
Mass of particle with atomic weight one Mo 


= Nog! 
Ratio proton to electron mass 


(9.1084 + 0.0004) x 10-28 g 
(9.1034 + 0.0004) X 10-28 g 
(1.65981 + 0.00007) x 10-24 ¢ 


1,836.13 + 0.01 | 


Ratio of physical to chemical scale of atomic | 1. 000275 


weights 


Atomic Masses 


M 


H atom 

D atom 

T atom 
Proton 
Deuteron 
Triton — 
Neutron 
Electron 
Oxygen 16 


1.008144 + 0.000002 
2.014739 + 0.000004 
3.01704 

1.007595 + 0.000002 
2.014190 + 0.000004 
3.01650 

1.008982 

(5.48760 + 0.00004) « 10-4 
16.00000 | 
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Tb. The Periodic System 
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TABLE 7b-1. ALPHABETICAL LIST OF THE ELEMENTS 


In later tables the elements are arranged according to increasing order number Z. This table gives 
in alphabetical order the names of the elements in English, French, and German, together with the 
chemical symbol, year of discovery, and order number of each. (A dash means that the name of the 
element in French or German is the same as in English.) 


Name in Name in Year of 


neuen Freneh German discovery Symbol - 
Actinium................ — — 1899 Ac 89 
Alabamine*® 3.5) <aasacdl heaves doewd | ere eee eee ee (Ab) (85) 
Alumin(ijum............. Aluminium | Aluminium 1827 Al 13 
Americium...............} Américium — 1945 Am 95 
Antimony............... Antimoine’ | Antimon Old Sb 51. 
AIBC OUI oceepctte dl gates hp Salita cee: UF Sot Gatig teens ve Ag 47 
AICON 5 35.4.3: 669 ees daca — —_ 1894 A 18 
Arsenic.................. — Arsen Old As 33 
Astatine................. — — 1940 At 85 
Baninits eli hoe cs SY — Baryum 1808 Ba 56 
Berkelium............... — — 1950 Bk OF 
Beryllium............... Béryllium — 1798 Be 4 
Bismuth................. — Wismut 1753 Bi 83 
DOPOD sx Rea wit So ied Bore Bor 1808 B 5 
Bromine................. Brome Brom 1826 Br 6835 
Cadmium................ — — 1817 Cd 48 © 
Calcilum................. — . — 1808 Ca 20 
Californium.............. — — 1950 Cf 98 
Carbon.................. Carbone Kohlenstoff Old C 6 
CAsSIOPCIUMT 2 8c a2 cadawd) lows Mewes ll ek ebenaa bd Lu 71 
Celi. bhi eit ul aah ces tion deed Nh een eee Senta ee (Ct) (72) 
Cerium...............:..| Cérium Cer 1803 Ce 58 
Cesium.................. Césium Caesium 1860 Cs 55 
OCHIOTING 3 453.2348 S22 things Chlore Chlor 1774 Cl 17 
Chromium............... Chrome Chrom 1797 Cr 24 
Cob al bcicosinee sai ee ees — — 1735 Co 27 
Columbine ede octal a2 uticei ioe dt oun (Cb) 41 
Copper: 2 <caiaawek tued ou Cuivre Kupfer Old Cu 29 
CUPIUIM 6b esehl oh oS ale eed — — 1944 Cm 96 
Deuterium............... — — 1930 D 1 
Dysprosium.............. — — 1886 Dy 66 
Einsteinium.............. — — 1955 E 99 
Emmanation*............[ .......202 | cece ee eue. ee Rn 86 
Erbium................. — — 1843 Er 68 
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TaBLE 7b-1. ALPHABETICAL LisT OF THE ELEMENTS (Continued) 


: Name in Name in Year of 

English French German discovery Symbol a 
Europium............... — — 1896 Eu 63 
Fermium.............. oe — 1955 Fm 100 
Perrin © evedtee certs ieee eaows: -) eed Swe ay Fe 26 
Fluorine...........6-..- .. {Fluor Fluor 1771. F 9 
Francium............-.+-- — — 1939 Fr 87 
Gadolinium.............. — — 1880 Gd 64 
Gallitint. 64accoaws dears s — — 1875 Ga 31 
Germanium.............. — — 1886 Ge 32 
Golds. 243 2eeudseeeswss% Or —_— Old Au 79 
Hainiviins occaeeetatesd — — 1923 Hf 72 
Helium. ............-200- | Héhum — 1895 He 2 
Holmium..............-: — — 1879 Ho 67 
Hydrogen............0-- Hydrogéne | Wasserstoff 1766 H 1 
Ti isin eo ee cael ent tS hae ee eh See ee ee (Il) (61) 
Indium — — 1863 In 49 © 
LOdINGo cdssdiese Gade ead te Iode Jod 1811 I 53° 
Widii@ «46.204 sees dee xd — — 1803 Ir wee 
TPO Reo eee Fer Eisen Old Fe 26 
Waitin org tn Pe OG SEN ers alee bh ee a ees ee K 19 
Krypton..... = —= 1898 Kr 36 
Lanthanum.............. Lanthane Lanthan 1839 La 57 
OR cock Ba ea Eee ees Plomb Blei Old Pb 82 
DC oe Sg na oe eee eee — — 1817 Li an 
Lutetium................ Lutétium | — 1907 Lu 71 
Magnesium.............. Magnésium — 1755 Mg 12 . 
Manganese........... _..| Manganése | Mangan 1774 Mn 25 
Masurium*: os.is5sseuies| +24 0oeese I). ou eae aces ans (Ma) (43) 
Mendelevium............. — — 1955 Mv 101. 
Mercury: 24 sadesemagaeed Mercure Quecksilber — Old Hg 80 
Molybdenum............ Molybdéne | Molybdan 1778 Mo 42 
WN atriin  eice o eee ee Sel’ Sikee ee oe Il) ade eeeees 11 
Nebulium*.............. | 
Neodymium............. Néodyme Neodym 1885 Nd —6©660 
NGO io ok cdo heer eses Néon — 1898 Ne 10 
Neptunium.............. — — 1940 Np 93 
Nickels sc. os sh atieiees cto — — 1751 Ni 28 
Niobium.........------- — — 1801 Nb 41 
NitOtie ete ick ok Sede eal asa cease I See eo sees Goss Rn 686 
Nitrogen............---- Nitrogéne Stickstoff 1772 N 7 
Osmium..... eeteatheated eigd — — 1803 Os 76 
Oxygen.......... ..| Oxygéne Sauerstoff 1774 O 8 
Palladium............... — — 1803 Pd 46 
Phosphorus.............- Phosphore | Phosphor 1669 P 15 
Platinum...............- Platine Platin 1735 Pt 78 
Plambuim* oedos chek dee bce) BRAG eed |) needa oe Pb 82 
Plutonium........... eae — — 1940 Pu 94 
Polonium.............5-5 — — 1898 


Kalium 


Potassium......... er 


1807 
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TaBLE 7b-1. ALPHABETICAL LisT oF THE ELEMENTS (Continued) 


Name in Name in Year of Sorbo Z 


English French German discovery 
Praseodymium........... Praséodyme | Praseodym 1879 Pr 59 
Prometheum............. Prométheum — 1947 Pm 61 
Protactinium............. — — 1917 Pa 91 
Radium................. — — 1898 Ra 88 
Radon.................. — — 1900 Rn 86 
Rhenium................ — — 1925 Re 75 
FUR OGM 4), 3 tect cs Gee Al ate ep hw a aes ohare 1803 Rh 45 
Rubidium............... — — 1861 Rb 37 
Ruthenium.............. Ruthenium — 1844 Ru 44 
Samarium............... — — 1879 Sm 62 
Scandium............... — — 1879 Sc 21 
Selenium................ Sélénium Selen 1817 Se 34 
Silicon.................. Silicium Silicium 1823 Si 14 
DUVED 6c keh ae aedaace Argent Silber Old Ag 47 
BOGIUM tices eae iis ea oes — Natrium 1807 Na 11 
Dtannuin® 635 est ncaa do eda sates i oeueeecces Sn 50 
SCID IUMM os oes wae nahacee el niet ei ary! Weta gas. ots me Sb 51 
Strontium............... — — 1790 Sr 38 
BUN Pisces biwat 42 one ea Soufre Schwefel Old S 16 
Tantalum............... Tantale Tantal . 1802 Ta 73 
Technetium.............. — — 1937 Te 43 
Tellurium............... Tellure Tellur 1782 Te 52 
Terbium................. — — 1843 Tb 65 
Thallium................ — — 1861 Tl 81 
Thorium................. — — 1828 Th 90 
Thulium................. — — 1879 Tm 69 
OM Scie parka ele gah Nye nn 2 Etain Zinn Old Sn 50 | 
Titanium................ Titane Titan 3 1791 Ti 22 
Tritium............ ere — — dae T | 1 
Tungsten................ Tungsténe | Wolfram 1781 W 74 
Uranium................ — Uran 1789 U 92 
Vanadium............... — — 1830 V 23 

> VAP OMNI 03) oa wi oye cdl. Sodus aewey. | pike eee (Vi) (87) 
W Oran eo: cacti eall Seite accaus Woe a> aeoaures ee W 74 
MENON f7 32M oe ee Gh Bas Xénon — 1898 Xe 54 
Ytterbium............... — — 1878 Yb 70 
Y Cris 6 6p atv eee etaee sie’ — — 1794 Y 39 
BANG Bice grr dnteci a Molen dies bs — Zink 1746 Zn 30 
Zirconium............... — Zircon 1789 Zr 40 


* Alternate or obsolete names. An order number between parentheses means that the discovery 
of the element was an error and another element has taken its place. Element symbols between 
parentheses have been given up. 
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4. | Symbol 
(1) (2) 
1 H 
2 He 
3 Li 
4 Be 
5 B 
6 C 
7 _N 
8 O 
9 F 
10 Ne 
11 Na 
12 Mg 
13 Al 
14 Si 
15 P 
16 Ss 
17 Cl 
18 A 
19 K 
20 Ca 
21 Sc 
22 Ti 
23 Vv 
24 Cr 
25 Mn 
26: Fe 
27 Co 
28 Ni 
29 Cu 
30 Zn 
31 Ga 
32 Ge 
33 As 
34 Se 
35 Br 
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TaBLe 7b-3. PRorpertries or ELEMENTS * - 


Element 


(3) 


Hydrogen 
Helium 
Lithium 
Beryllium 
Boron 
Carbon 
Nitrogen 
Oxygen 


Fluorine 
Neon 


Sodium 


Magnesium | 


Aluminum 
Silicon 


Phosphorus 
Sulfur 


Chlorine 
Argon 


Potassium 
Calcium 


Scandium 
Titanium 


Vanadium 
Chromium 


Manganese 
Iron 


Cobalt 
Nickel 


Copper 
Zine 


Gallium 
Germanium 


Arsenic 
Selenium 


Bromine 


Atomic 
wt.T 


(4) 


1.0080 
4.003 
6.940 
9.013 
10.82 
12.011 


-14.008 
16.0000 | 


19.00 
20.183 


22.991 
24.32 


26.98 
28.09 


30.975 
32.066 


35.457 
39.944 


39.100 
40.08 


44.96 
47.90 


50.95 
52.01 


54.94 
55.85 


58.94 


58.69 


63.54 
65.38 


69.72 
72.60 


74,91 
78.96 


79.916 


Valency 


(5) 


Atomic 


diam 


(6) 


Mass No. and 
(abundance) 


(7) 


1(99.985), 2(0.0146) 
4(100), 3(1.3 x 1074) 
7(92.48), 6(7.52) 
9(100), 

— 11(81.17), 10(18.83) 

12(98.9), 13(1.1) 

14(99.635), 15(0.365), 
16(99.76), 18(0.204), 
17(0.039) 

10(100) 

20(90.92), 22(8.82), 
21(0.257) 

23(100) 

24(78.60), 26(11.29), 
25(10.11) 

27 (100) 

28(92.28), 29(4.67), 
30(3.05) 

31(100) 

32(95.018), 34(4.215) 
33(0.74), 36(0.016) 

35(75.4), 37(24.6) 

40(99.60), 36(0.337), 
38(0.060) 

39(93.1), 41(6.9), 
40t(0.012) 

40(96.96), 44(2.06), 
42(0.64), 48(0.19), 
43(0.15), 46(0.0033) 

45(100) 

48(73.45), 46(7.95), 
47(7.75), 49(5.51), 
50 (5.34) 

51(99.76), 50(0.24) 

52(83.76), 53(9.55), 
50(4.31), 54(2.38) 

55(100) 

56(91.64), 54(5.81), 
57(2.21), 58(0.34) 

59(100) 

58(67.76), 60(26.16), 
62(3.66), 61(1.25), 
64(1.16) 

63(69.09), 65(30.91) 

64(48.89), 66(27.81), 
68(18.61), 67(4.07), 
70(0.620) 

69(60.2), 71(39.8) 

74(36.74), 72(27.37), 
70(20.55), 76(7.67), 
73(7.61) 

75(100) 

80(49.82), 78(23.52), 
82(9.19), 76(9.02), 
77(7.58), 74(0.87) 

79(50.5), 81(49.5) 


1-9 


Terrestrial 
abundance, J 


g/metric ton 


(8) 


1,300 
0.003 

65 

6 

3 

320 

46.3 
466 ,000 


900 
7X 1075. 


28 , 300 
20, 900 


81,300 
277 , 200 


1,180 
520 


314 
— 0.04 


25 , 900 
36,300 


5 
4,400 


150 
200 


1,000 
50,000 


23 
80 


oe 
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TABLE 7b-3. PROPERTIES OF ELEMENTS* (Continued) 


(3) 


Krypton 


Rubidium 
Strontium 
Yttrium 


Zirconium 


Niobium 


Silver 
Cadmium 


Indium . 
Tin 


Antimony 
Tellurium 


Todine 
Xenon 


Cesium 
Barium. 


Element 


Molybdenum 


Technetium 
Ruthenium 


Rhodium 


Palladium’ 


Lanthanum 


Cerium =| 


Atomic 
wt.t 


(4) 


83. 80 


85.48 


| 87.63 


' 88.92 


91.22 


92.91 
|. 95.95 


(99). 


101.1 


102.91 


106.7 


107.880 


} 112.41 


| 114.76 


118.70 


Valency 


(5) 


Atomic 


diam 


(6) . 


4.0 
5.02 
4.29 
3.62 
3.19 


2.94 
2.80 


Mass No. and 
(abundance) 


(7) 


84(56.90), 86(17.37), 


82(11.56), 83(11.55), 
80(2.27), 78(0.354) 


| 85(72.15), 87(27.85) | 
88(82.56), 86(9.86), 
| -87(7.02), 84(0. ao 


89(100) 

90(51.46), 94(17.40), 
92(17.11), gin: ae) 
96(2.80) 

93(100) 

98(23.75), 96(16. 5), 
92(15.86), 95(15.7), 
100(9.62), 97(9.45), » 
94(9.12) 


-102(31.34), 104(18.27), 


101(16.98), 99(12.81), 
100(12.70), 96(5.7), 
98(2.22) 

103(100) 


| 106(27.2), 109(26.8), — 


105(22.6), 110(13.5), 

-104(9.3), 102(0.8) 

107 (51.35), 109(48.65) 

114(28.86), 112(24.07), 

111(12.75), 110(12.39), 

113(12.26), 116(7.58), 

—106(1.215), 108(0.875) 

115(95.77), 113(4.23) 

120(33.03), 118(23.98), 
116(14.07), 119(8.62), 
117(7.54), 124(6.11), 
122(4.78), 112(0.90), 
114(0.61), 115(0.35) 

121(57.25), 123(42.75) 

130(34.46), 128(31.72), 
126(18.72), 125(7.01), 

(124(4.63), 122(2.49), 
123(0.89), 120(0.091). 

127(100) 

132(26.96), 129(26.44), 
131(21.17), 134(10.44), 

-136(8.95), 130(4.07), 
128(1.90), 124(0.094), 
126(0.088) 

133 (100) 

138(71.66), 187(11. 32), 
136(7.81), 135(6.59), 
134(2.42), 130(0.101), 
132(0.097) 

139(99.91) 

138(0.089) 

140(88.48), 142(11.07), 
138(0.250), 136(0.193) 


Terrestrial 
abundance, 
g/ton 


(8) 
9.8- 10-8 
310 
300 
28.1 

220 
24 


15 


0.004 


0.001 


0.010 


40 


0.3 
1.2°10°% 


7 
250 


18.3 - 
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TaBie 7b-3.. PRopertizs or ELEMENTS* (Continued) 


; ; j Terrestrial 
' Atomic Atomic Mass No. and 
Element wt.t Valency Eran (abundance) abundance, J 
g/ton 
(3) (4) (7) (8) 
Praesodymium |: 140.92 141(100) > 5.83 
Neodymium 144, 27 142(27.13), 144(23.87), ' 23.9 


146(17.18), 143(12.20), 
145(8.30), 148(5.72), 
150(5.60) 


Promethium  {(145) 


aR A Oe A 


Samarium 150.438 /|3 | ...., 152(26.63), 154(22.53), 6.47 
4 147(15.07), 149(13.84), 
148(11.27), 150(7.47), 
yp 144(3.16) 
Europium —: { 152.0 153(52.23), 151(47.77) 1.06 
Gadolinium — 156.9 158(24.78), 160(21.79), 6.36 
156(20.59), 157(15.71), 
155(14.78), 154(2.15), 
152(0.20) 
Terbium 158.93 159(100) 0.91 
Dyprosium 162.46 164(28.18), 162(25.53), . 4.47 
163(24.97), 161(18.88), 
160(2.294), nS 
158(0.0902), 
| 156(0.0524) 
‘Holmium __s{ : 164.94 165(100) | 1.15 
Erbium 167.2 166(33.41), 168(27.07), 2.47 
167(22.94), 170(14.88), 
164(1.56), 162(0.1) 
Thulium 168.94 169(100) ; 0.20 
Ytterbium 173.04 174(31.84), 172(21.82), 2.66 
173(16.13), 171(14.26), 
176(12.73), 170(3.03), 
168(0.14) 
Lutetium 174.99 175(97.5), 176(2.5) 0.75 
Hafnium 178.6 180(35.11), 178(27.10), 4.5 
177(18.47), 179(13.85), 
176(5.30), 174(0.18) 
Tantalum 180.95 181(100) 2.1 
Wolfram 183 .92 184(30.68), 186(29.17), 69 
182(25.77), 183(14.24), 
180(0.122) 
Rhenium 186.31 187 (62.93), 185(37.07) 0.001 
Osmium 190.2 192(41.0), 190(26.4), 0.005 
189(16.1), 188(13.3), 
187 (1.64), 186(1.59), 
184(0.018) 
Iridium 192.2 193(61.5), 191(38.5) 0.001 
Platinum 195. 23 195(33.7), 194(32.8), 0.005 
196(25.4), 198(7.23), 
192(0.78), 190(0.012) 
Gold 197.0 197(100) 0.005 
Mercury 200.61 202(29.80), 200(23.13), 0.5 
199(16.84), 201(13.2), 
198(10.02), 204(6.85), 
196(0.15) 
Thallium 204.39 205(70.5), 203(29.5) 3 
Lead 207 . 21 208(52.3), 206(23.6) 16 


207 (22.6), 204(1.5), 
202( <0.0004) 
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TaBLe 7b-3. Properties oF ELEMENTS* (Continued) 


i a | 


Element 

(1) (2) (3) 

83 Bi Bismuth 

84 Po Polonium 

85 At Astatine 

86 Rn Radon 

87 Fr Francium 

88 Ra Radium 

89 Ac Actinium 

90 Th Thorium 

91 Pa Protactinium 

92 U Uranium 

93 Np Neptunium 

94 Pu Plutonium 

95 Am Americium 

96 Cm Curium 

97 Bk Berkelium 

98 Cf Californium 

99 E Einsteinium 
100 Fm Fermium 
101 Mv Mendelevium 


Atomic 
wt.T 


Valency 


eee eoeeee 


eoeoeveooev eee 


Atomic 
diam 


aoe eee 


oe eee 


oe we oe 


a 


eocneve 


Mass No. and 
(abundance) 


7) 


209 (100) 

210 

206t, 215t 

222t 

223t 

226,t 228t, 2244, 223t 
227,t 228 

232(100) 

231t 

2381(99.28) 235¢(0.715) 
234 t(0.0058) 

237,t 2394 

238,t 239t 

241t 


Terrestrial 
abundance; J 
g/ton 


(8) 


0.2 
3 X 10710 


13 X 10-* 

3 xX 10-10 
11.5 

8 X 1077 
4 


i ee NN 
* Much of the material in this table was taken from Henry D. Hubbard and William F. Meggers: 
‘‘Key to Periodic Chart of the Atoms,’ 1950. Courtesy of W. M. Welch Manufacturing Company, 


Chicago. 


+E. Wichers, J. Am. Chem. Soc. 76, 2033 (1954). 


t Radioactive isotope. 


q For more recent values o 


(1956). 


f abundances see H. E. Suess and H. C. Urey, Revs. Modern Phys. 28, 53 


7c. The Electronic Structure of Atoms 


) | 

Explanation of Table 7c-1. couuMmn (3): Electronic structure of the ground state. 
Rare-gas shells and similar closed shells are indicated by appropriate symbols and only 
the electrons outside them given explicitly. All structures are based on spectroscopic 
evidence except in a few cases (e.g., Fr, At) where there is no reasonable doubt about 
predictions. = —_ ea i ge 

The electron printed in boldface when: removed produces the ground state of the 
ion. Where the other electrons are-rearranged in the ion this is indicated in a footnote. 

COLUMN (4): Ground state of atom. _ 

COLUMN (5): First ionization potential of atom (in electron volts).! 

COLUMN (6): Ground state of ion.. For electron configuration of ion, see column (3). 

COLUMN (7): Second ionization potential (ionization. potential of singly ionized 
atom) in electron volts. ae : 

COLUMN (8): Resonance potentials (see below). 

COLUMN (9): Resonance lines (see below). ? 

RESONANCE POTENTIALS AND RESONANCE LINES: The resonance potential is the 
energy (in electron volts) required to raise an atom from the ground state to the 
lowest excited state. The resonance line is the spectrum line absorbed or emitted in 
this or. the reverse transition. There isa clear and unambiguous situation with regard 
to. resonance lines and potentials for atoms with simple structure such as the alkalies. 
For more complicated atoms the matter needs further amplification. 

_A line is not considered a resonance line if the excited state has the same parity as 
the ground state and thus the transition is forbidden as a dipole transition. If the 
line is allowed as a dipole transition but very weak, i.e., if it violates an. approximate 
dipole-selection rule (usually the spin-selection rule AS = 0), it is called subreso- 
nance line r. The resonance line R proper is the first line allowed by all the selection 
rules. Both R and r then are given in such cases. For the heavy elements r may be 
very strong. 8 os 

The resonance potentials are in general those corresponding to the lines, with one 
exception. If there is a lower state than that of the first resonance line for which 
transitions to the ground state are forbidden by the J-selection rule (but allowed by 
the parity rule) this state is metastable. It may, however, often be excited by direct 
electron collisions, and the excitation potential for this state is given as first resonance 
potential followed by a letter m. There is no observed resonance line corresponding 
to this transition. An asterisk on the second resonance potential indicates that the 
corresponding line is that also marked with an asterisk. 

A C preceding column (8) means that there are states of the same parity as the 
ground state between it and the first resonance state. These often belong to the 
electron configuration of the ground state. A C is not listed if these states are merely 
additional levels of the ground-state multiplet. | 


1 For conversion from wave numbers into electron volts or vice versa, see Table 7a-2. 
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TABLE 7c-1. ELEcTRoNIC STRUCTURE OF ATOMS4 


Ground 
state 


(3) 


retreats 


ls 


vb - 92 


{He]2s 
—2s? . 


agape | 


2022p? - 


| 2922p - 


—~2522,p5 . 
—2s22 ps 


|. [Nel8s 


|. Bg 


—3s23p 
—3s23 p? 
—3s23 p? 


| -3e23pt 
J —-B923 ps 


 —3523 ps 
{Al]4s 
—4g2 
—3dd4s?. 
—-3d%48? 


|. —Bd84e2 


—3d48? 
—Sde4g? 
— —Bd74e2 
—3d84s2 
78d4s 
: —3d10452 . 
 —3d104s24p 


—di0ds2ap? | 


3d 104824 pi. 
—3d104874 pt 
—3Zd104g24.po 
$4104 324 pS . 
[Kr]5s 
he 

| Ads? 


| 40258? 


—4d‘5s 
—4d55s: 
—4d55s2 
—4d75s _ 
—4d8§s 

—4 qo 
—4d'95g 
—4d'0§s?. 
—4d'95s25p 
—4.d105s?5 p? 
4105325 p3 
—4d10§325 p* 
—4d195s25 ps 


‘| —4d105s25 ps 


[Xe]6s 
—6s? 


Ground 
state 


(4) - 


28 


26 
1 


Resonance 
potentials 
(8) 
10.15 
20.96m 21.13 
1.84 
2.71 5.25 
3.57 4.94 
C, 4.16 7.46 
C, 10.28 
C, 9.11 9.48 
12.69 12.98 
16.62m 16.84 
2.10 — 
2.71m 4.33 
8.18 
Be; 4.93 
C, 6.93 
°C, 6.50 6.83 
8.88 9.16 
11.55m 11.83 
1.61 . 
1.88 2.92 
1.94m 1.98 
C,.1.96 2.39 
C, 2.238 2.54 
| ¢, 2.90 
C, 2.27 3.06 
C, 2.39 3.20 
1C, 2.91 3.50 
|C, 3.18 3.64 
C, 3.79 
4.01m 5.77 
3.06 . 
C; 4:64m 
| C, 6.26 nl 
C, 5.95 6.30 
7.83 8.29 
9.91m 9.99* 
1.56 
1.78m 2.68* 
, CBE: - 
C, 1.83 2.71 
C, 2.07m 2.97* 
C, 3.18 : 
2.09 = 2.88 
C, 3.13 3.26* 
C, 3.36 
C, 4.22m 5.01* 
3.66 
3.73m 5.29 
3.02. 
C, 4.29m 4.33* 
C, 5.36 
C, 5.49 5.78 
6.77 7.66 
8.31m 8.44* 
1.38 
C, 1.52m 2.24* 


Resonance 
lines 


(9) 


1,215.67(2P) 
591. 43(3P1) 

6,707 .85(2P4) 

4,548.3(P1) 


8,470.6(4P}) 
2,967.22(5S) 
| 1,200.71(4P) 
1,355. 60(5S) 


976. 50(4P) 
743.71(3P1) 
5,889 .95(2P4) 


‘4,571.10(3P1) 


3,961. 52(2S) 


1,787. 65(4P) 

1,900. 27(5S) 

1,389.78(4P§) 
1,066 .66(3P1) 
7,664.91 (2P4) 
6,572. 78(8P1) 
6,378. 82(4F 9) 


6,296.65(5G2) . 


5,527 .72(¢G4) 
4,289 .72(7P2) 
5,432. 55(8P§) 


5,166 .29(7Ds) 
4,233.99(8F a2) 


3,884. 58(®Da) 
3,273 .96(2P4) 
3,075.90(°P1) 
4,082.98(28) 


| 2,651.58(3P1) 
1,972.62(4P4). 


2,074.79(5S) 
1,576.5(4P§) 
1,235. 82*(@P1) 
7,947 .64(2P3) 
6, 892.58(8P1) 
9,494.81(2P3) 
6,762.38(5G2) 
5,320.21(6F 4) 
3,902.96(7P4) 
5,924 .57(8P3) 
3,964.90(7Ds) 


| 3,692.36(4D3) 


2,763 .09(3P1) 
3,382.89(2P4) 
3, 261.04(3P1) 
4,101.76(28) 
2,863.32*(3P1) 
2,311.47(4P}) 
2,259. 02(5S2) 
2,062. 1(4P§) 
1,469. 62*(8P1) 
8,943. 46(2P4) 
7,911.36(3P1) 


584.35(!P) 


-2,348.61(1P1) 


2,497 .72(2S) 
1,656 .998(2P) 


1,302.17(38) 
954.82(2P) 
735. 89(!P1) 


2,852.12(1P1) 


2,516. 11(8P1) 
1,774.94 
1,807 .31(38) 
1,347.32(2P3) 
1,049. 22(3P1) 


4,226.73(P1) 
6,305 .67(8Ds) 
5,173.74(8D1) 
4,851. 48(4D4) 


4,034. 49(6P3) 
3, 859.91(5D«) 
3,526. 85(4F x) 
3,670. 43(8P2) 


2, 138.56(1P1) 


1,960.90(8S4)_ 
1, 488.6(2P3) 
1,164. 86(1P) 


“4,607 .33*(}P) 


4,575 .52(3Gs) 
4,168.12*(¢F P 


4,297. 06(*P) 
3,799.35*(®Ds) 


2,447.91*(1P1) 


2,288 .02(1P1) 


2,142.75(881) 
1,617.7(2P3) 

1,295. 56(*P1) 
8,521. 10(2P 3) 
5,535. 53*(!P) 
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TaBLe 7c-1. ELEcTRoNIc STRUCTURE oF ATOMS@ (Continued) 


Ground Ground 


state state potentials 
YE! | 8 | ® | ® (8) 
1.64 1.84* 
1.71m 1.74* 
1.74 2.66* 
— 4136 g2 lt Sa eeeeereae Mk.) ah eee Sera ee eee ee 
—4fu46g2 BN 6.22 
—4fuBd6s2 | 2D3 | 6.15 
—4f145 2652 8Po | 65.5 2.19 
—4fi4s5d°6s2 | 4Fg | 7.7 2.90 
—4f145.d46.52 5Do 7.98 2.40m 
—4f145d5652 6S 7.87 2.35 3.58 
—A4f145d%G 52 5D 8.7 2.80 
—4fusdiés? | «Fp | 9.2 3.26. 
—4f45d%s 3Ds 9.0 3.74 <0 
{*]6s 28 9.22 4.63 © 
—6s? 18 10.434. 4.67m 6.70 
—6s6p aP} 6.106 3.29 
—6s6 p? 3Po 7.415 4.33m 4.37 
—6s°6 p? 48 7.287 4.04 . 
—65°6 p4 8P2 Bae kak. WP eaettinns ks Aes aa dacs 
—fs26 p5 apg . 
—6s76 p* 1g 10.745 6.77m 6.94* 
[Rn]7s 28* 
—Ts? ‘Is 5.277 1.62m 2.57* 
—6d73s? J 0 aa an 
—6d?27s2 a ee 
—6d3732* 
—5f36d7s? 5L¢ Be. oad AG. Weieat a ae wa eaten se 


Resonance 


Resonance 
lines 


7,539. 24679) 


7,141.13*(9F1) 
7,106. 48(9Pz) 


4,280.47 

4,982. 16(7F1) 
5,275 .53(8P§) 
4,420 .67(7Ds) 
3,800. 12(6Dp) 
3,315. 05(5Ds) 
2,675. 95(2P4). 
2,536 .52(3P1) 
3,775.72(28) . 


uh eeaeat 


6,725.88(9G1) 
4,661.88*(8P 5)” 
4,225.85 


5,675.83. 
3,987.99 . 


4,008.75»: 
3,464.72(8P§) 


3,064.71(3P2) © 
2,427.95(P3) 
1,849.570P3) 


2,833.07*(3P,) 


3,067 .72(4P3) 


1,786. 07*(P1) 


7,141.21 


2,449.99 — 
1,451. 56(1P1) 


4,825.91* 


5,915.40 


* Data taken from current literature. Use has been made of Moore, “Atomic Energy Pee sg vor and Tt, and a “Sith 


sonian Physical Tables,’’ 9th ed. 
> Normal state of ion—3d4. 
¢ Normal state of ion—3d8, 
4 Normal state of ion—3d?. 
¢ Normal state of ion—5d?. 
4 Normal state of ion—4f26s. 
9 Normal state of ion—4/*56s. 


* Structure of closed shells [Xe]4/145d19, 


7d. Structure of Atomic Spectra 


eee 


Td-1. General Structure of Spectra. There are three types of atomic spectra 
with many intergradations. The simplest type is the so-called series spectrum, in its 
simplest form due to one valence electron (example Na, but the spectra of He, Ca, Cu, 
etc., belong here in large part). These spectra are characterized by simple Rydberg 
series, each often containing many members, but the spectrum on the whole is not 
rich in lines. The structure is apparent and can easily be analyzed. The levels are 
single, double, or triple but very rarely of higher multiplicity. 

The second type of spectrum is typified by the so-called multiplet structure which 
is based on the L, S coupling scheme. The most prominent lines usually can readily 
be recognized as transitions between two multiple levels, with multiplicities up to 
11 actually being found. Recognition of this type of structure first became possible 
in the early 1920s with the advance of the quantum theory of atomic structure. 
Zeeman effects follow a simple pattern (see Sec. 7m) and are very helpful for the 
analysis. Typical examples are Fe and other elements of the iron group. The spec- 
tra of these are much richer in lines than the spectra of the first type. The analysis, 
while considerably more laborious than that of the series spectra, can usually be 
accomplished with a reasonable effort. Some regularities usually can be imme- 
diately recognized. 3 i 

The third type, of which the spectra of the rare earths and of the actinides furnish 
typical examples, has no immediately discernible regularities. The spectra are 
extremely rich in lines, with no particular groups standing out. If one still can speak 
of multiplets, they have no regular structure and the Zeeman effects follow no simple 
rule; although very useful. They are much more difficult to interpret than the pre- 
vious types. Only a very small fraction of this kind of spectrum has so far yielded to 
analysis. : 

Analysis of a spectrum means determining the energy levels which are responsible 
for the spectrum lines. Besides the magnitude of the energy level [now usually 
expressed in wave numbers (em—!) above the ground level of the atom] it is important 
to know the identity of the level, ie., the set of quantum numbers that characterize it. 

Each electron has in the first place a principal quantum number n and an azimuthal 
quantum number 1. The latter is identical with the orbital angular momentum 
expressed in units %. The value of the principal quantum number is expressed by an 
integer and that of the azimuthal quantum number. by a letter symbol according to 
the following key: 


l (or L) 012 3 4 5 6 7 8 
s pdfgih ae ae | 
or S P DF G@G@daq”itIsE.L 


etc., in alphabetical sequence. Lower-case letters are used if the symbol refers to a 
single electron, capital letters when it refers to a configuration (resultant of several 
electrons). For the description of the optical spectra only the electrons outside a 
closed shell need to be specified. These are often, although somewhat loosely, called 
valence electrons, 
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Each electron, besides the quantum numbers n and l, has a spin which always has 
the value s = % (again in units 4). Quantum numbers s and 1 form a resultant j 
(total angular momentum) which can have the two values | + x and 1 — 4 (except 
for 1 = 0; then j = 3). Finally the orientation of the plane of the orbit may be 
specified by the projection m of jon a fixed axis. — Usually the z axis, considered vertical, 
is taken as this fixed axis. The number m can have all values from —j to +j in 
integer steps. The four quantum numbers n, l,j, m, or an equivalent set, are sufficient 
for the characterization of the energy levels of a single electron. In this case, in 
the absence of external fields, the three angular momenta specified by 1, j, and m are 
constants of the motion (in more precise quantum-mechanical terminology, they 
commute with each other and the Hamiltonian) and, therefore, have definite values. 

If there are several valence electrons it might be thought appropriate to specify 
the values of n, 1, j, m for each electron. This, however, is not particularly useful; 
because of the interaction between the electrons, the angular momenta of the indi- 
vidual electrons no longer are constants of the motion and, therefore, have no definite 
values. On the other hand, the total angular momentum J of a free atom is always a 
constant of the motion and has a definite value regardless of the internal forces in the 
atom. The same is true of M, the projection of J on a fixed axis (the z axis), which is 
constant even if the atom is in a constant-electric or magnetic field parallel to the 
2 axis. J and M, therefore, are appropriate quantum numbers for any state of the 
atom, but by themselves not enough to characterize it. | a | 

The other quantum numbers necessary for defining a level are usually arrived at 
by leaving out certain interactions between the various electrons. They have then 
a definite physical meaning and in most cases give the magnitude of certain angular 
momenta. If the omitted interactions are reinstated the quantum numbers lose their 
physical significance but still-may be used to label the particular level. If the inter- 
action is relatively small the quantum numbers still have approximately their original 
physical significance. The interactions within an atom are often called couplings, 
and in the treatment of atomic levels and states certain types of couplings can often 
be neglected with respect to others. This leads to different types of coupling schemes 
which differ by the particular interactions that are neglected in first approximation. 

7d-2. Russell-Saunders Coupling. The most important coupling scheme and the 
only one suitable for an elementary discussion is the so-called Russell-Saunders 
coupling scheme, also called L, S coupling. The fundamental interactions within 
an atom are the electrostatic repulsion between the individual electrons, the magnetic 
interaction between spin and orbit, and the magnetic interaction between the indi- 
vidual spins. Interactions with the nuclear spin are ordinarily of much smaller 
magnitude and usually can be disregarded. | _ 

In the L, S coupling the magnetic spin-orbit interaction is disregarded in first 
approximation.. Then the total orbital angular momentum L and the total spin S. 
are completely independent of each other and both are constants of the motion. This 
is often expressed by saying that L and S are “good”? quantum numbers. The char- 
acterization of the individual electrons by their values of n,; and l; is retained. For 
two electrons the possible values of L and S are 


li —hbl <L<hth (7d-1) 
Ss —-8& =O0<S<s+s.=1 as always, s; = + (7d-2) 


The case for more than two electrons can easily be derived by applying the above rules 
for quantum-vector addition repeatedly. By the same rule the total angular momen- 


tum J which is the vector resultant of L and S has the possible values 


|Z - S| < J <L +8 Im integer steps tt (7d-3) 
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If L > Sthis gives 2S + 1 different J values for a given value of L and S (if L <8 
thisnumber is2L +1). 2S + 1 is called the multiplicity of the levels (even if L < S). 
It is an odd number if S is an integer and this is the case for an even number of elec- 
trons and the multiplicity is an even number for half integer values of S (odd number 
of electrons). As long as the spin-orbit interaction is disregarded all 2S + 1 (or 
2L + 1, respectively) levels belonging to a fixed L and S have the same energy. If 
this interaction is not exactly zero the 2S + 1 coinciding levels will split and we have 
a multiplet. In specific cases they are called singlets (2S + 1 = 1), doublets (2), 
triplets (3), quartets (4), quintets (5), sextets (6), etc. : , 

Note that, for instance, a septet level is only sevenfold if L > S or as S = 3 only 
for 7F or higher levels. The S, P, D levels have one, three, and five components, 
respectively. — in — : 

-%d-3. L, S Notation. A particular level is now designated by the 7 and /| values 
of the individual valence electrons, the resultant L of the whole configuration, the 
value of.the multiplicity 2S + 1 as an anterior superscript, and the value of J as a 
subseript. = 9 2 905 As | 
. One very important property of atomic-energy levels is called parity. A level is 
called. even when the sum of the I values of all electrons outside a closed shell is even, 
odd if'this sum is odd. It is obvious that, to determine this, it is only necessary to 
count the electrons with odd values of |—.e., p and f electrons—as h (lJ = 5) or higher 
electrons virtually never occur. States can be called strictly even or odd only as long 
as there. is a center of symmetry. . 

In many tabulations the odd levels are distinguished by a superscript °, e.g., ®F%. 
Often the odd energy levels are printed in italics to distinguish them from the even 
ones. nae ee RE BPS . ° 

An-example is 3s3p3d4d 5F, meaning L =3,S8 =2,J =4. Equivalent electrons 
are electrons having the.same n and J. Their number is indicated by an exponent 
instead of the repetition of the symbol, thus 3d‘ instead of 3d3d3d3d. 

Limit of the Quantum Numbers. Once the number and type of valence electrons 
are specified the possible values of L, S, and J can easily be found. 

The.maximum value of L is for n electrons | _ 


Tm =htht-++ th 


the minimum value is. the smallest number that can be obtained by combining the 1; 
as. vectors. The same is true for the values of S and the resulting multiplicities. 
Table 7d-1 lists the possible multiplicities for up to 10 valence electrons. 


TaBLE 7d-1. PosstBLe MULTIPLICITY WITH n ELECTRONS OUTSIDE A Criosep SHELL 


2 

a Sia 
2°.°4 

| 3) 5 

ce 4. 6 


1 8 § 7 
2 4 6 8 
1 3 5 7 9 
? 2 4 6 8 10 
10 1 3 5 a 9 11 


If the electrons are equivalent, use Table 7d-3, and add one for each nonequivalent electron added. 


With L and S given, the possible J values are indicated by (7d-3). ‘Table 7d-2 lists 
the J values for all multiplets likely to occur in all but the most complicated spectra. 
Each multiplet state is 2J + 1 fold degenerate. — This degeneracy can be partly or 
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TaBLE 7d-2. J VaLuEs ror MULTIPLETS 
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TaBLe 7d-2. J VaLtues ror MuutipLets (Continued) 


ING aca AEA On i re AID NN PEI a AEE Area EE ee ee ee 
S=| 0 | 1 | 2 | 3 1 | 5° | 1g | 25 | 3y | 45 
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I 6 Se. iian oo 1g 
aan 2) 2 ee eee Qs 

sek 3 3 3 J. | Bee > By 

ce 4| 4] 4] 4]... | 4¢] 45 4x 

5| 5| 5] 5| 5] 5¢| 5e] 53 5s 

6 6 6 6 6 6| 64] 63 | 65 65 

7 Fi EE He 7|... | Te | Te ae: 

8; 8] 8| 8 85 85 

9| 9] 9 Se 95 

10 | 10 105 

11 as 

K 7 oe 2 ate 25 
i. 3 3 ee eee 35 

sae] 4 4 4 ee 4s 45 

ee 5} 5| 5] 5 53 | 55 5s 
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12 te 
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sete ||. SO Bek, 7b J. | Be 5g 
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13 


completely removed by an external field, which thus makes each level split into a 
maximum of 2J + 1 components (see Zeeman effect in Sec. 71). 

7d-4. Equivalent Electrons. When equivalent electrons are involved the Pauli 
exclusion principle limits the number of possible states. Table 7d-3 gives a list of 
possible states for any number of equivalent electrons. 

74-5. Selection Rules. Not all transitions between levels are possible. Rules, 
derived from quantum mechanics and amply confirmed by experience, state which 
transitions are allowed and which are forbidden, these are called selection rules. In 
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TaBLE 7d-3. Atomic LEVELS oF n EQUIVALENT ELECTRONS 


8 2S 
8? 1$ 
a Sod Be 
p or ps ’P | 
p?orp* | 1SD °P 
p3 2PD ‘s 
_ u 
d or d® 2D 
d?ord® |'!SDG *PF 
d? or d’ 2PDFGH 4PF 
2 
d‘ or d® ISDFGI 3P DFGH ‘Dp 
22 2 2° °2 
qs | SP DFGHI ‘PDFG 6g 
, 322 | 
f or f}3 re 2F 
for fi? |1SDGI | *PFH 
f% or fil 2PDFGHIKL 4S DFGI 
2222 
f* or f?® ISDFGHIKLN | *PDFGHIKLM 5S DFGI 
24 423 2 324342 2 
f® or f? 2PDFGHIKLMNO 4SPDFGHIKLM ‘(PFH 
4567675532 2344332 
f® or f? ISPDFGHIKLMNQ *?PDFGHIKLMNO ‘SPDFGHIKL if 
4 64847342 2 659796633 32322 
fi *SPDFGHIKLMNOQ ‘SPDFGHIKLMN ‘*PDFGHI 8g 


25710109975 4 2 226575533 


A number under a term symbol indicates the number of different levels of this type. The lowest 
level is normally that with the highest L of the highest multiplicity (Hund’s rule). It is indicated in 
bold type. 


appigine selection rules one must realize that almost all of them are valid only as 
long as the assumptions necessary for their derivation remain valid. Therefore, some 
selection rules are much stricter than others. The principal selection rules for atoms 
are as follows: . | | 

Electric-dipole radiation. These are the most important and are based on: the 
assumption that the radiation field around an atom can be considered with good 
approximation as the field of a vibrating electric dipole. In the optical region radia- 
tion that is not electric-dipole radiation is ordinarily at least 10° times weaker. 

The chief selection rules for dipole radiation for L, S coupling are: 

PARITY RULE: Only odd — even or even — odd transitions are allowed. This rule 
is based on the presence of a center of symmetry and is strictly valid as long as there 
are no external electric fields. For quadrupole radiation just the opposite rule applies. 

To be allowed, a transition must satisfy the following conditions. 

J RULE: 
AJ =0+1 (O— 0 is forbidden) 


This rule is valid as long as J is a constant of motion, that is, in the absence of external 
fields. If there is a nuclear spin, the total quantum number F which includes the 
nuclear spin is strictly a constant of the motion and the J rule applies to F instead of J. 
The lines due to violations of the J rule because of nuclear spin are very weak, how- 
ever. Strong external electric or magnetic fields, on the other hand, can produce 
prominent violations of the J rule. LS = | : 
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S RULE: 
AS = 0 


This rule applies only as long as S is a constant of the motion, 1e., as long as extreme 
L, S coupling applies. Spin-orbit interaction will cause deviations from the rule. 
These same interactions also cause the splitting of the multiplet components. Very 
narrow multiplets mean, therefore, that the S rule is good, wide multiplets that it is 
poor. The former happens chiefly for the light elements, the latter for the heavy 
elements. A magnetic field also can cause violations of the rule. 
L RULE: 
AL =0 +1 (0 — 0 excluded) 


The validity of this rule is also dependent on how well L, S coupling is realized. For 
moderate multiplet widths, lines with larger changes in L than +1 are found but are 
progressively weaker as the change in L becomes larger. Strong electric fields can 
cause violations. 
The L rule combined with the parity rule excludes AL = 0 for one electron spectra. 
M RULE: 
AM =0 +1 


is valid to the same extent as the J rule but is also valid in a homogenous external 
electric or magnetic field. This rule is of importance only in the presence of external 
fields. For details, see Zeeman effect. 

Td-6. Interval and Intensity Rules. The interval rule states that the separation 
between neighboring multiplet components in the same multiplet is proportional to 
the larger of the two J values. 

Examples. *P; the J values are 0, 1,2. The intervals (0, 1) and (1, 2) are in the 
ratio 1:2. 

8—D, J values (Table 7d-2) $, $, 3, $, -g- ratio of the separations as 5:7:9:11. 

In general we can say that the separation between multiplet components J and 
J+1is 

E=a(J +1) 


where a is a constant for the same multiplet but varies from multiplet to multiplet. 
To calculate the value of a details of the orbits must be known. For a one-electron 
spectrum (doublets) the constant a is 


a eee eee 
2 3 Oe) 


where «@ is the fine-structure constant, R the Rydberg constant, and Z the nuclear 
charge. We see that the doublet separation diminishes with n as 1/n? and with las 
1/l(i +1). The expression is valid, however, only when the deviations from a 
Coulomb force field are small. | 

For elements on the left side of the periodic system, the constant a is positive, which 
means that the levels with the lower J values have the lower energy. Such multiplets 
are called regular multiplets. On the right side of the periodic system the situation is 
the opposite and we have inverted multiplets. In the middle the situation is often 
confused. . 

The interval rule holds only as long as L, S coupling is valid and is very sensitive 
for even small deviations from L, S coupling. 
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Multiplet Intensities. The relative intensities in a multiplet (or rather the line 
strengths) can easily be computed for L, S coupling. They are valid to the extent 
that L, S coupling is a good approximation 


Transition Line Strength 
een Te A JAS-1)THS-EA DEAS DL+S-I4) 
pagar 4 HERS DU HL= 8) TLS HDT HE+S) 
pop CIAWTHLAS +1) T+L—S)J+8 L+H L+8—J) 
4AJ (J +1) 
pop | FT p Utes ES Ded SH) 
J—-l1-J AT 
pop p CANT +N4LG-+1) 818 +P 
4J(J +1) 


The arrows in the transitions may be reversed without affecting the line strength. 

The constants A and B are constant in one multiplet but differ from multiplet to 
multiplet. Tables of the numerical values of the multiplet strength are found in 
Condon and Shortley (1935), pp. 241-243.! Similar formulas for quadrupole transi- 
tions are in Condon and Shortley (1935), p. 253. 

Present status of analysis of atomic spectra, This is shown in Table 7d-4. This 
table shows the present status and the progress made since 1932. It should be kept in 
mind that even in most spectra marked A the analysis is not anywhere near complete. 


Te. Energy-level Diagrams of Atoms 


A number of energy-level diagrams are represented in Figs. 7e-1 through 7e-14. An 
attempt has been made to select typical cases which show characteristic features 
derived from optical spectra, The following comments may be helpful: 

In almost all cases the energy levels have been arranged according to the Russell- 
Saunders scheme, also called L, S coupling (see Sec. 7d). This means that each level 
is characterized by the total orbital angular momentum L and the resultant spin S or 
rather the multiplicity 2S + 1 [1 for singlets (S = 0), 2 for doublets (S = x), 3 for 
triplets (S = 1), etc.]. Each level characterized by L and S is broken up into 2S + 1 
or 2L + 1 multiplet components, whichever is the smaller number, each component 
being characterized by its total angular momentum quantum number J. The 
possible values of J are shown in Table 7d-2. 

The scale of the figures usually does not permit showing the individual multiplet 
components. However, the total width is indicated unless it is no greater than the 
thickness of the line. 

Even levels are shown by entire lines or blocks, odd levels by broken ones. When 
an entire column has the same parity, as in the simple spectra, the odd parity is indi- 
cated by the term symbol at the bottom of the column in the usual way, e.g., 3°. 


1 Taken from White and Eliason, Phys. Rev. 44, 753 (1933). 
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The horizontal line across the whole width of the diagram is at the first ionization 
potential. This is indicated by the term symbol for the ground state of the ion. In 
some cases higher ionization potentials are also indicated. 

The electron configuration is given by symbols explained with each individual 
diagram. 

Transitions which correspond to spectrum lines are left out in order to avoid con- 
fusion except for the important lowest transitions which often give rise to the strongest 
lines. The resonance line £& is the lowest transition to the ground state allowed by 
the selection rules of LZ, S coupling, which are change of parity, no change in multiplicity 
(AS = 0), and AJ =0 +1. The subresonance line r is a line from a lower level than 
that responsible for the resonance line; it obeys the same selection rules except AS = 0. 
It is usually very weak for the lighter atoms but may be quite strong for the heavier 
elements (e.g., 2,537 of Hg). 

There may be lines from even lower levels than the resonance line R or the sub- 
resonance line r but these would be forbidden lines violating either the parity rule or 
the AJ rule. Such lines are ordinarily much weaker (often of the order of 10° times) 
than the allowed lines and are found only under special conditions of observation. 
The spectra represented in the figures are given in Table 7e-1. 


TaBLeE 7e-1. SPECTRA REPRESENTED By Fias. 7e-1 THROUGH 7e-14 


Z Element | Figure 


2 He I 7e-1 
6 CI Te-2 
7 N I 7e-3 
8 OI Te-4 
11 NaI 7e-5 
13 All 7e-6 
17 Cl I te-7 
18 AI — 7e-8 | 
20 Ca I 7e-9 
25 Mn I 7e-10 
26 Fe II 7e-11 
Fe I 7e-12 
29 Cu I 7e-13 | 
80. Hg I 7e-14 


Further diagrams of simple spectra are found in Grotrian (1928). . 
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Fiaq. 7e-1. Energy-level diagram of He I—simplest atom with two valence electrons. The 
wavelengths of the principal lines are indicated. 
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Fia. 7e-2. Energy-level diagram of C I—four valence electrons, lowest state 2s?2p?._ Most 
excited states are 28’2p- na. The orbit nz of the last electron only is indicated in the 


figure except where one of the 2s electrons is excited, as, for instance, 2s2p3. The import- 
ant forbidden lines are indicated. 
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Fia. 7e-3. Energy-level diagram of N I—five valence electrons, normal state. 28723. 
Excited states are 2822p? - na, nx being indicated in the figure. When the 2s electron is 


excited the full configuration is given, e.g., 28?2p*.. The important forbidden lines are 
indicated. 
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Fia. 7e-4. Energy-level diagram of O I—six valence electrons. | Normal state is 2s?2p4 
excited states are 28?2p3 - nay NX being mndieateds! in une figure. "The important forbidden 


lines are indicated. 
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Fia. 7e-5. Energy-level diagram of NaI. 
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Fie. 7e-6. Energy-level diagram of Al I—three valence electrons. 
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Fig. 7e-8. Energy-level diagram of A I—typical for the rare gases except helium. Levels 
38°3p* - nz with nz indicated. L, S coupling is not appropriate here and therefore symbols 
like °P, etc., have no meaning. The primed levels converge to the higher ionization 
potential. See also Table 7g-3. 
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Fic. 7e-9. Energy-level diagram of Ca I. Characteristic for the elements in the second 
column of the periodic system. Ground state 4s? and regular excited states 4s nz are 
indicated only by the value of n in the appropriate column. Levels with both electrons 
excited are given at the right. 


25 2p 20 2r 26 4s 4p. 4H 4c 4G 4u b> 6p Sp Ge 8s 8p 8p 


Fie. 7e-10. Energy-level diagram of Mn I. A typical element of the transition group. a 


Seven valence electrons. Ground state 3d°4s?. This produces 16 multiplet ‘levels: of 
which only four (8S, 4P, 4D, “G) are known. They are marked by an x. The other low 
states are 3448 (s), 3d%4p (p), 3d54s4p (sp), 3d54p? (p?), 3d7 (d’). The symbol between 
parentheses indicates how the level is marked in the figure. If higher than 3d, 4s, 4p 
electrons are involved, the value of 7 is marked, e.g., 3d5485p (s 5p) or 3d4s4d: (s 4d). In 
general, the number of 3d electrons is left out in the figure (except for 3d’). -Compare 
Mn I with Fe II, which has the same number of electrons (Fig. 7e-11). 
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2p 2p 2@e (26 2H 2) 4S 4p 4 ‘46 4G 4H 6S 6p 6H OF 8s 8p 
ie Ve-11. Energy-level diagram of Fe II. Fe IT has the same number of electrons as 
Mn. I and therefore the same type of levels. The relative position of the levels is, however, 
greatly changed by the increase in the nuclear charge. In general there is a tendency for 
levels containing 3d electrons to be lower than those with 4s or 4p electrons.. The ground 
state is 3d%4s. There are 24 multiplet levels of this configuration, of which 23 are known 
(marked with x). The excited levels are marked as for Mn I. 
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Fic. 7e-12. Energy-level diagram of Fe I. The spectrum of Fe I is one of the best studied 
and of particular importance because of the use of iron lines for wavelength standards and 
other applications (see Table 7g-6). Eight valence electrons, ground-state configuration 
3d°4s?, which gives 16 multiplet levels, of which 9 are known (marked z in the figure). 
Other configurations leading to low-lying levels are 3d74s (s), 3d%484p (sp), 3d® (d8), 3d74p 
(p), 3454874 (s?p). If nm values higher than for 3d, 4s, 4p are involved, they are indicated 
as, e.g., 3d%4858 (85s). 
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‘Fie. 7e-13. Energy-level diagram of Cu I. The arrangement of the outer electrons is 
3d104g28 in the ground state. If the 4s electron is excited the levels are very similar to 


those of an alkali as shown, e.g., in Fi 


ig. 7e-5. These regular levels are indicated at the 


left. If one of the 3d electrons is excited, levels of more complicated structure arise as 


-indicated at the right. 
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Fia. 7e-14. Energy-level diagram of H 
spectrum with singlets and triplets. 
in many applications the wavelengths 


TRIPLETS 
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g I. This is the diagram of a typical two-electron 
Because of the wide use of the mercury spectrum 
of many transitions are indicated. Singlet triplet 


transitions are relatively strong. See also Table 7g-7 and Fig. 7g-6. 


Tf. Persistent Lines of the Elements 


ee a a a recesses 


Table 7f-1 gives the strongest lines of each element and is useful for the spectroscopic 
identification of small traces of elements and spectrochemical analysis in general, 
when the elements in question occur in rather small concentrations. For the pro- 
cedure of routine quantitative analysis with larger concentrations, see the special 
literature. . | 

A selection of strong lines is given both from the spectrum of the neutral atom and 
from the spectrum of the singly ionized atom. The former are most prominent with 
mild excitation (d-c arc at atmospheric pressure, glow discharge in a gas at moderate 
pressure, microwave discharge). The lines of the ionized atoms appear with stronger 
excitation (condensed spark, discharge in a gas at very low pressure, etc.). The 
relative intensities even in the same spectrum may depend very pronouncedly on the 
discharge conditions so that what is indicated as the strongest line may be relatively 
weak at a particular condition. The two. columns Strongest Line are taken from 
Meggers, ‘Smithsonian Physical Tables,” 9th ed. (1954). Often they are identical 
with the resonance line given in Table 7c-1. In many cases the strongest line lies 
below 2,000 A, which region is less convenient because a vacuum spectrograph is 
needed. For the selection of other strong lines only those lying in the photographi- 
cally accessible region from 2,000 to 10,000 A have been considered and preference 
given to the most convenient region from 3,000 to 8,000 A. 

In general, wavelengths in Table 7f-1 and other tables of this section are wavelengths 
in standard air for \ > 2,000 A and in vacuum for \ < 2,000 A. 
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TaBLE 7f-1. PERSISTENT LINES OF THE ELEMENTS 
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Strongest 
line 


1,215.66 

584.33 
6,707.85 
2,348.61 
2,497.73 
1,657.01 
1,134.98 
1,302.19 

954.80 


735.89 


5, 889.95 
2,852.13 
3,961.53 
2,516.12 
1,774.94 
1,807.31 
1,347.2 

1,048.22 
7,664.91 
4,226.73 
5,671.80 
4,981.73 
4,379.24 
4,254.35 
4,030.76 
3,581.20 
3,453.50 
3,414.76 
3,247.54 
2,138.56 
4,172.06 
2,651.18 
1,890.43 
1,960.91 
1,488.4 

1,235.82 
7,800.23 
4,607.33 
5,466.47 
4,687.80 
4,058 .94 
3,798.25 
3,636.10 
3,498.94 
3,434.89 
3,404.58 
3,280.68 
2,288 .02 
4,511.32 
3,175.04 
2,068.38 
2,142.75 
1,830.4 

1,469.62 


Neutral atoms 


' Other strong lines 


6,562.85 
5,875.62 
6,103.64 
3,321.34 
2,496.78 
2,478.57 
4,109.98 
7,771.93 
6, 856 .02 
5,852.49 
3,302.32 
3, 838.26 
3,944.03 
2,881.58 
2,535.65 
9,212.91 


eee enereee 


8,115.31 
7,664.91 
4,454.78 
3,911.81 
3,653.50 
3,185.40 
4,274.80 
4,033 .07 
3,719.94 
3,465.80 
3,492.96 
3,273.96 
3,345.02 
4,032.98 
3,039.06 
2,288.12 
2,039.85 


ed 


5,870.92 
7,947.60 
4,832.08 
4,674.85 
3,601.19 
4,079.73 
3,864.11 
4,297.06 
3,436.74 
3,396.85 
3,421.24 
3,382.89 
6,438.47 
4,101.77 
4,525.74 


re 


4,671.23 


4,861.33 


3, 888.65 


eee ee encase 
ee ee ee 
ee ey 


4,099.94 
7,774.14 
6,902.46 
6, 402.25 
5,895.92 
3,832.31 
3,092.71 
2,528.52 
2,553 . 28 
9,228.11 


7,067.22 
4,044.14 
4,434.96 
3,907 .48 
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5,208.44 
4,034.49 
3,737.13 
3,529.81 
3,524.54 
5,218.20 


4,810.53 


2,943.64 
3,269.49 
2,349.84 
4,730.78 
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5,570.29 
4,201.85 
4,872.49 
4,643.70 
3,547 .68 
4,100.92 
3,902.96 
4,262.26 
3,596.18 
3,323.09 
3,634.70 
5,209.07 
3,610.51 


3,256.09 — 


2,839 .99 
2,528.54 
2,383.25 


ey 


4,624.28 


were enee 
eee ewer ee 
eee ee eee 
Cr Ce 


re ee) 


3,829.35 
3,082.16 
2,506.90 


6,965.43 
4,047.20 
4,425.44 
4,023.69 


eooeeaves 


eee eevee 


Cr ed 


5,153.24 
6,362.35 
2,874.24 
4,226.57 
9,626.70 
4,739 .03 


eee eee ane 


eee ee eae 


4,215.56 
4,962.26 
3,519.61 
4,123.81 


wee ee eae 
coer otee 
oeeeeeen 
eee eevee 


3,039.36 
3, 262.33 
3, 232.50 


eee eneee 


Strongest 
line 


1,362.46 
1,335.71 
1,085.74 
834.47 
606.81 
460.73 
372.07 
2,795.53 
1,670.81 
1,817.0 
1,542.32 
1,259.53 
1,071.05 
919.78 
600.77 
3,933 . 67 
3,613.84 
3,349.41 
3,093.11 
2,835.63 
2,576.10 
2,382.04 
2,286.14 
2,216.47 
2,135.98 
2,025.51 
1,414.44 
1,649.26 
1,266.36 
1,192.29 
1,015.42 
917.43 
741.4 
4,077.71 
3,710.29 
3,391.98 
3,094.18 
2,816.15 
2,543.24 
2,402.72 
2,334.77 
2,296.53 
2,246.41 
2,144.38 
1,586.4 
2,152.22 
1,606.98 
1,161.52 
1,233.97 
1,100.42 


Singly ionized 


3,131.07 | 


3,451.41 
4,267.27 
5,679.56 


2,802.70 
2,669.17 


4,794.54 


3,968.47 
3,630.74 
3,361.21 
3,102.30 
2,843.25 
2,593.73 
2,395.62 
2,363 79 
2,287.08 
2,192.26 
2,061.91 


4,704.86 


4,215.52 


3,600. 73(?) 


3, 438 .23 
3,225.48 
2,848.23 
2,610.00 
2,945.67 


2,437.79 
2,265.02 


2,062.38 


Other strong lines 


2,836.71 
5, 666 . 64 


2,816.18 


4,810.06 


3,179.33 
3,642.78 
3,372.80 
3,110.71 
2,849.84 
2,605.69 
2,404.88 


2,270.21 
2,247.00 


4,785.50 


4,374.94 
3,496.21 


2,871.51 


3,237 .02(?) 


2,437.79 


5,464.61 


4,819.46 


3,158.87 
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2,264.46 
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Z| Symbol 

Strongest 

line 
55 Cs 8,521.10 
56 Ba 5,535.55 
57 La 6,249.93 
58 Ce 5,699.23 
59 Pr 4,951.36 
60 Nd 4,924.53 
61 PO 4 oiceease 
62 Sm 4,296.75 
63 Eu 4,594.02 
64 Gd 4,225.85 
65 TD? AVetetete 
66 Dy | ........ 
67 | (se eae eee 
68 0) a Pee ee 
69 Tm 5,675.83 
70 Yb 3,987.99 
71 Lu 4,518.57 
72 Hf 3,682.24 
73 Ta 2,647.47 
74 WwW 4,008.75 
75 Re 3,460.47 
76 Os 2,909 .06 
77 Ir 2,543.97 
78 Pt 2,659.44 
79 Au 2,427.95 
80 Hg 1,849.68 
81 Tl 5,350.46 
82 Pb 4,057 .82 
83 Bi 3,067.72 
84 Po 2,449.99 
85 At 
86 Rn 1,786.07 
87 Fr | 
88 Ra 4,825.91 
89 Ac 
90 The.) (| eetewoset 
91 PA. Power. 
92 U 5,915.40 
93 ND: i) wecteek 
94 PAR + lilt spans gears 
95 AM OF sirekecd 
96 Cm 
97 Bk 
98 Cf 
99 E 
100 Fm 


Neutral atoms 


Other strong lines 
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5,777 .67 
5,930.65 
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3,311.16 
4,302.11 
3,464.73 
3,058 . 66 
3,220.78 
3,064.71 
2,675.95 
2,536.52 
3,775.72 
3,683 .47 
2,897.98 


7,450.00 


Oe ey 


3,318.84 
4,294.61 
4,889.17 
4,420.47 
3,513.64 
2,830.30 


4,358.35 
3,519.24 
2,833.07 
4,722.55 


7,055. 42 
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Strongest 
line 


926.75 
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Cr 


5,460.74 
3,229.75 
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3,949.10 
4,186.60 
4,179.42 


3,568.27 
4,205.05 
3,422.47 


rr od 
eee vores 
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3,848 .02 
3,694.20 
2,615.43 
2,641.41 
2,685.17 
2,204.49 


Ce ey 


1,777 .09 
1,740.47 
1,649 .96 
1,908.64 
1,726.75 
1,902.41 


eee ee eae 


eee ee ewe 
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Singly ionized 


Other strong lines 


4,934.09 

4,077.34 4,123.23 

4,040.76 4,012.39 

4,062.82 4,408.84 

4,177.32 4,446.39 

3,910.26 3,998. 96f 
4,424.34 4,434.32 

4,129.74(?) 

3,646.20 4,262.10 


3,874. 18(?) 
| 4,000. 45(?) 


3,561 .74(?) 
4,077 .97(?) 


2,936.77 


3,906 .32(?) 
3,761 .33(?) 


t Scribner, Bozman, Meggers, J. Research Natl. Bur. Standards 46, 85 (1951) (Pm). 
t Scribner, Bozman, Meggers, J. Research Natl. Bur. Standards 45, 476 (1950). 
] Fred, Tomkins, J. Opt. Soc. Am. 39, 357 (1949). 


3,692 .65(?) 
3,462 .21(?) 


3,289.37 

2,911.39 | 2,894.84 
3,134.72 | 2,516.88 
3,613.79 

2,608.50 | 3,580.15 
2,802.19 
2,203.51 | 5,608.8 
4,682.28 

3,538.75(2) | 4,281.42 
2,743.9 | 3,054.6 
4,241.67 | 3,932.0 
2,956.6 | 3,829.2 
2,835.5 | 3,907.1 
2,832.3 | 3,926.2 


4,433.88 


3,509.17 


2,733.04 


3,957.89 


4,290.99 
3,989.74 
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Physics Depariment 
The Johns Hopkins University 


Tg-1. General. The tables and figures of this section furnish data on spectra 
which are often used for reference. These are chiefly the spectra of the rare gases 
which can easily be obtained with simple discharge tubes (a neon advertising sign, for 
instance, is a good source for the neon spectrum); the iron spectrum which is the best 
source of standard lines for a spectrograph of moderate to high dispersion; and the 
mercury spectrum which, like that of helium, is ae useful for spectrographs of 
low dispersion. 

Data on other spectra of varying degrees of accuracy and completeness can be 
found in the MIT tables;! Kayser, ‘‘Handbuch der Spectroscopie,’’ vols. 5-8; Paschen 
und Gotze (1922); Fowler (1922); C. E. Moore, ‘“Multiplet Tables’? (1945); and 
Brode, ‘‘Chemical Spectroscopy”’ (1943). , 

An atlas of spectra is Gatterer and Junkes (1937 and 1945). For the solar spectrum, 
Minnaert, Mulders, and Houtgast (1940) is recommended. _ 

The various tables of spectra and figures presented in this section are as follows: 


Argon AT..............-| Tg-3 Tg-2 
Krypton KrI............| 7g-4. 7g-3 
Xenon Xel............. 7g-5 7g-4 
Iron Fel..............-.| 7g-6 7g-5 
Mercury Hg I........... 7g-7 7g-6, 7 


The wavelengths and intensities are listed as completely as space permits. - Special 
attention has been paid to lines which can be used as standards for wavelength 
measurements of high accuracy. . 

The figures, which are direct photoelectric traces obtained at The Johns Hopkins 
University, will help to orient the reader in the particular spectra. The traces were 
made with a logarithmic amplifier and calibrated to compensate for variations in 
sensitivity of spectrograph and measuring devices. Furthermore, the intensity 
scale is the same for all spectra so that the values indicate relative brightnesses of the 
light sources. Intensities as read from the charts, however, are not meant for high 
accuracy. 

In a number of spectra numerical intensity values are given on a logarithmic scale. 
Also the conditions under which the spectra were produced are shown in each case. 


1 See the references at the end of Sec. 7. 
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Without the knowledge of such conditions intensity tables have little meaning because 
the intensities vary greatly with the discharge conditions. 

In both figures and tables (except for helium) the intensities are standardized to 
give the energy flux from 100 cm? of the light source per unit solid angle in ergs per 
second. 7 | | : 

In Figs. 7g-1 through 7g-5, only whole numbers are given in the wavelength desig- 
nations. Values accurate to several decimal places appear for many of these lines in 
Tables 7g-2 through 7g-7. | 

Tg-2. Standard Wavelengths. Since 1927 , the internationally accepted primary 
standard of wavelength has been the wavelength of the red cadmium line 6,438.4696 
A when measured in air at standard conditions.!. One Angstrom unit (A) is very 
closely equal to 10-!° m. 

At the present time attempts are being made to replace the red cadmium line by a 
more suitable standard which combines higher accuracy and stability with better 
availability. It is very likely that this wavelength standard will also be the standard 
of length and thus replace the standard meter. Lines of the isotope 198 of mercury 
have been proposed? for this, but international adoption must wait until tests on the 
variability of the wavelengths with discharge conditions have been completed. It 
apparently is necessary to have the frequency of the exciting field fairly high (> 100 
Me/sec). Lines of Kr* are probably even better. - | 

Accurate wavelength measurements are most conveniently made with the Fabry- 
Pérot interferometer or a similar device which permits.direct comparison with the 
primary standard. For all practical purposes a number of secondary standards may 
be used instead of the primary standard without significant loss of accuracy. The 
advantages of doing so are that more easily handled light sources may be used and 
frequently the standard is more nearly equal in wavelength to the lines to be measured 
than the primary standard. : 

Secondary standards accepted by the International Astronomical Union are the 
wavelengths of suitable lines which have been measured with concordant results in at 
least three independent laboratories. The mean of such determinations is designated 
as a secondary international standard of wavelength and indicated by a letter S in 
subsequent wavelength tables. Whichever light sources are used to obtain wave- 
length standards it is very important that the conditions (pressure, discharge current, 
dimensions of light Source, type of spectrograph used, etc.) be identical with those 
under which the standard wavelengths were determined. : 

Among the secondary standards, the wavelengths of some Hg?8 lines are probably 
now as reliable as those of the primary standard. Neon and krypton wavelengths are 
almost as good, while the secondary iron standards are somewhat less reliable at: the 
present time. A replacement of the iron arc by a more suitable light source will 
probably make many iron wavelengths available with greatly increased accuracy. 
More details will be found under the particular spectra. He 3 

If extreme wavelength accuracy is not required, as with grating measurements, 
many additional lines may be used as standards. | : 

Helium I. The He I spectrum (Table 7g-1) consists of singlets and triplets. The 
latter appear as double lines except under the most favorable conditions. . This is 
because the 23P, and 23P, levels. almost coincide, whereas the 23P, level is about 1 
em~! removed. The wavelengths are taken from the literature; some need revising. 
The intensities 7; and J» are quantitative measurements at the following conditions: 
I;, discharge with external electrodes; frequency 15 Mc/sec ; pressure 7.5 mm; Jo, 
same, pressure 0.25 mm; Jo, estimates from the literature. 2 as 


—1¥For specifications of the lamp, see Procés verbaux comité int. poids et mesures 17 (2), 91 
(1935). . 
* Meggers, J. Opt. Soc. Am. 38, 7 (1948). 
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TaBLE 7g-1. THE SpectruM OF Hetium | anp II 


Classification 


A Ie 
| Singlets Triplets 

243 .027 

256.317 

303.781 

522.208 

537 .024 

534.331 

591.420 
1,084.975 
1,215.171 
1,640.474 ae 
2 ,696 .130 2s 9p 1 
2 723.175 2s 8p 1 
2,763 .800 2s 7p 2 
2 ,829 .063 2s 6p 4 
2,945.110 2s 5p 6 
3,187.744 2s 4p 8 
3,203.14 cies stic's | 
3 354.550 2S 7P 2 
3 , 447.594 2S 6P — 2 
3,087 . 252 ae 2p 9d 2 
3,587 .396 2p 9d 1 
3, 599.304 2p 9s 1 
3,599 . 442 ia 2p 9s 1 
3,613 .641 2S 5P ee 3 19 260 
3, 634.235 2p 8d 2 
3 , 634.373 2p 8d 1 
3,651 .971 2p 8s 1 
3 , 652.119 2p | 8s 1 
3, 705.003 2p 7d a) 28 260 
3,705.140 2p 7d 1 
3,%32.861 2p 7s 1 
3, 732.993 2p 7s 1 
3,819 .606 2p 6d 4 84 680 
3 ,819.761 2p 6d 1 
3 , 867.477 2p 6s 2 23 160 
3 , 867.631 2p 6s 1 | : 
3,888 .649 ae aa 2s 3p 10 10,000 | 10,000 
3, 964.727 28 4P Ene 4 140 | 2,100 
4,009 .270 2P 7D 1 5 89 
4 ,023 .973 2P 7S Sas 1 
4 ,026.189 ee es 2p 5d 5 370 | 1,450 
4,026 .362 2p 5d 1 
4,120.812 2p 5s 3 90 480 
4,120.993 2p 5s 1 
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TaBLe 7g-1. Tae Spectrum or HeEtium I anv IT (Continued) 


Classification 
r He II I I, Ie 
Singlets Triplets 
4,148.759 2P 6D 2 19 210 
4,168.965 2P 6S 1 3 636 
4,387 .928 2P 5D 3 83 590 
4 437.549 2P 5S ae 1 17 290 
4,471 .477 sae 2p 4d 6 2,300 2 , 220 
4 ,471.688 2p 4d Be oa 1 
4,685.75 bina x 4-—>+ 3 
4,713.143 2p As 3 350 370 
4,713 .373 cms bee 2p 4s 1 
4 921.930 2P 4D ees 4 57 1,800 
5,015.675 28 3P 6 710 3,106 
5 ,047.736 2P 4S Mass 2 120 860 
5, 411.551 ey bt oe ved 7-4 
5 ,875.662 2p | 3d seal 10 18 ,200 7,100 
5 , 875.867 2p 3d oe 1 
6,559.71 eel bbe ai 6— 4 
6 678.150 2P 3D fag a ie 6 2,400 | 1,850 
7,065.188 2p 38 as as 5 7,100 1,450 
7 ,065.719 Were ie 2p | 3s 1 : 
7, 281.349 2P 38 ee ee eg 1,450 
10,123.77 or ore eats 5— 4 
10 ,829.081 2s 270 a tee 500 105,000 6,950 
10 ,830.250 2s 2p) 1,500 
10 ,830.341 2s 2p2 2,500 
12,784. 79t ve pie 3d Of Tl cesads 10f 
12,790.27 3D 5F aie 1 
17,003.11 3p 4d 20 
18,685.12 a iad 3d 4f 70 
18 ,697.00 3D 4F — 10 
20 ,580.9 2S 2P 5,000 


* Change in the Jo scale. ‘From here on National Bureau of Standards values. 
t Wavelengths and intensities from here on from Humphreys and Kostkowski, J. Research Natl. Bur. 
Standards 49, 73 (1952). 


The classification is indicated by capital letters for singlets, lower-case letters for 
triplets. A few of the He II lines are also listed. They have elaborate fine 
structures. 

NeonI. The neon spectrum is moderately rich in lines and may serve, like the other 
rare-gas spectra, as an easily obtained comparison spectrum. Any neon-sign manu- 
facturer can produce a satisfactory tube. The wavelengths of the strong lines have 
been measured with great accuracy and have been adopted as international secondary 
standards,' often replacing the primary standard for interferometric measurements. 

Table 7g-2 lists the principal neon lines. The wavelengths are interferometric 
wavelengths when followed by a capital letter. | 

B, Burns, Adams, Longwell, J. Opt. Soc. Am. 40, 339 (1950) 

H, Humphreys, J. Research Natl. Bur. Standards 20, 17(1938) 


1 Trans. Intern. Astron. Union 5, 86 (1935). 
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TaBLE 7g-2. THE SpectRuM or Neon I 


Classification 


Wavelength 


2,647. 


2,675. 
2,675. 
2,872. 
2,913. 


2,932. 
2,947. 
2,974. 
2,980. 
2,980. 


2,982. 
2,992. 
2,992 
3,012. 
3,012 
3,017 
3,057 
3,076 
3,126. 
3,148. 


3,153. 
3,167. 
3,369 
3,369. 
3,375. 


3,417. 
3,418. 
3,423. 
3,447. 
3,450. 


3,454. 
3,460. 
3,464. 
3,466. 
3,472. 


3,498. 
3,501. 
3,510. 
3,515. 
3,520. 


438 
955 
348 


388 | 
.971 


.8076 B 


42 
24 
64 
663 
168 


721 
297 
714 
642 
922 


663 
420 


129 


1986 B 
6107 B 


4107 B 
5762 B 


9069 B 
6489 B 


9031 B 
0066 H 
9120 B 
7022 B 
7641 B 


1942 B 


5235 B 
3385 B 
5781 B 


5706 B | 


0632 B 
2154 B 
7207 B 
1900 B 
4714 B 


0 
6 
6 
8 
6 


oouNNs 


oO on 


oOo 
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TaBLE 7g-2. THE Spectrum or Neon I (Continued) 


Classification | : 
Wavelength Io log J; | log Zz | log J; 
System. Paschen 
3, 562.9551 B 3811 401 ls, 3 
3 593.5263 B | 3s,, | 4p,. | Ise 10. i) sited Sl dete 4.70 
3,593.639 B | 3s, | 4p,, | Ise 30F, i Beda aohetes 4.50 
3,600.1694 B | 3s, | 4p,, | Ise - ‘arn tren eee 4.17 
3 ,609.1787 B | 3s, | 4p | 183 an ee eee 3.26 
3 633.6643 B | 3s), | 4p00 | 1s: 7 ee) eee 4:28 
3 ,682.2421 B | 33), | 4p. | Ise TOA Soret Wings oug 4.21 
3,685.7351 B | 3s), | 4p | Ise (a ee Oem Were 4.08 
3,701.2247 B | 3s,, | 4pe2 | Ise (an) Gere em at ee 4.06 
3,754.2148 B | 3s), | 490 | 1s: an ers se eee 3.42 
4,270 : 2674 B 3P01 Tdoo 2710 4 . 2 ‘ 460 
4,275.5598 B | 3p01 | 6dy. | 2pr0 | 5 2.70 | 2.61 
4 ,306 .2625 B 3po1 8812 2D 10 5 
4,334.1267 B | 3pu | 7s,, | 2pr0 5 
4,363. 524 M 3D23 Qd34 2D9 5 
4,381.220 M | 3pes | 10si2| 2p, 3 
4,395.556 M | 3p. | Qdss | 2p¢ 4 
4,422.5205 B | 3p | 6dis | 2pr0 8 2.97 | 2.90 
4,424. 8096 B 3po1 | 6dor | 2pio 8 2.89 2.81 
4,425.400 M | 3p | 6doo | 2pr0 7 
4,433.7239 B | 3p03 | 8ds | 2p, 5 2.34 | 2.19 
4,460. 175 M 323 Osi 2Do 6 
4,466.8120 B 3po22 8d33 2s 5 2.02 1.81 
4,475.656 M | 3p: | 7dj, | 2p, 6 
4,483 .199 B 3Po01 7811 2D10 7 2.098 
4. 488 .0926 B 3Po01 7819 2P10 8 2 811 2.673 
4,500.182 M | 3p}, | 8d,, | 2p; 4 3 
4,517.736 M | 3pi, | 8dj, | 2p, 6 
4,525.764 M | 3p, | 8de2. | 2p, 5. 
4 536.312 3p | 5d,, | 2pr0 7 - | 2.694 | 2.699 
4,537.7545 B | 3p0 | 5dy. | 2pro 10 3.3 3.4 
4, 538.2927 B 3Pe3 7d23 2D» 8 
4,540.3801 B | 3p03 | 7ds, | 2p, 10 . | 2.964 | 2.854 
4,552.598 M | 3pu | 9s | 2p; 3. 
4,565.888 M | 3pi2 | Sdes | 25 4. 
4,575.0620 B | 3pe2 | 7dss | 2ps 8 2.714 | 2.569. 
4,582.035 M | 3pe | 6d;, | 2ps 7. 12.4 2.3 
4,582.4521 B | 3p03 | 8512 | 2p5 7 2.4 2.3 
4,609.910 M | 3p,, | 7d, | 2p5 7 2.19 
4,614.391 M | 3po0 | 881 | 2ps 6. | 2.204 | 
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TaBLE 7g-2. THE Spectrum oF Neon I (Continued) 


Wavelength 


4,617. 
4,628. 
4,636. 
4,636. 
4,645. 


4,649. 
4,656. 
4,661. 
4,670. 
4,678. 


4,679. 


837 M 
3113 B 
125 M 
630 

4180 B 


904 M 
3936 B 
1054 B 
884 M 
218 M 


135 M 


4,687 
4,702 
4,704 
4,708 


4,710 
4,712 


4,715. 
4,725. 
4,749. 


4,752. 
4,788. 
4,790. 
4,800. 
4,810. 


4,817. 
4,818. 
4,821. 
4,823. 
4,827. 


4,827. 
4,837. 
4,852. 
4,863. 
4,865. 


4,866. 
4,867. 
4,884. 
4,892. 


.6724 B 
.526 

.3949 B 
.8619 B 


.0669 B 
.0661 B 
3466 B 
145 M 
5754 B 


7320 B 
9270 B 
217 B 
100 B 
0640 B 


6386 B 
748 
9236 B 
174 
3444 B 


587 B 
3139 B 
6571 B 
0800 B 
5009 B 


477 B 
010 

9170 B 
1007 B 


4.928.241 B 


es | ce | apeeememmanetten | ere te SIO 


Classification 

I 
System. Paschen 
3pe2 | 8812 278 6s5 5 
3p. | 7des | 2ps | 781 7 
3Pi1 Tdoe 2D7 7d, 9) 
opi 7di1 2p7 7d: 5 
3p | 6di, | 2p7r | 6s, 8 
opo2 7801 2Ds 58e 5 
opo1 6551 2p10 | 482 8 
3Po1 680 2P10 4s3 7 
3pi2 | 851 | 2pe | 6s 5 
3Pi2 des 206 7d, 8 
3pi2 | Tdie | 2De 7d3 7 
3pi2 | 6dy3 | 2p6 | 681 6 
3Po1 5di1 2710 5de 7 
3p01 | 5di2 | 2pi0 | 5ds 15 
3Po1 5do1 2210 5ds 12 
3p0 | 5doo | 2p10 | 5de 10 
3p23 | 6des | 2po | 6d, 10 
323 6d34 2Do 6d, 15 
3pi2 | 8si2 | Ze Oss 5 
3p | 6dee | 2ps | 6d, 8 
Spee 6d33 2Ds 6d. 10 
3P23 7812 2p9 5s5 12 
3p,, | 6dee | 2ps | 6s, 10 
3ni12 | 7des | 2pe | 7d, 5 
3012 6do5 2p4 6s; 7 
3P11 6dee 277 6d, 8 
3piu | 6di | 2p7 6de 7 
322 7811 2Ds - 584 8 
oP 00 6di1 2p3 6s, — «66 
3pon | 6811 2710 As, 10 
3po2 7812 2D8 585 8 
3Po1 6s12 2P10 Ass 9 
3p), | 6do. | 2p2 | 6s, 6 
3pi2 | 6des | 2p6 | 6d; 6 
3pi2 | Gdie | 2pe 6d3 6 
3Pi2 6d33 206 6d, 5 
3011 78.0 | 2Ds 583 5 
3010 7801 2p. 58e 10 
opi 7811 2D7 5s4 9 
3001 7851 | 2pe 5se 5 


Wwnd dN bd 


DN bd dw b& b&b 


WwN dS bo 
pp 
iw) 
“I 


bo bo bo 


2.799 


3.437 
3.459 


304 


3 
2.55 
3.17 


2.974 


2.70 
.597 


.335 
.693 


3.177 
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TaBLeE 7g-2. Tue SpectRuM or Neon I (Continued) 


Classification 
Wavelength log I, | leg I2 | log Is 
System. Paschen 

4,939.0457 B | 3p12 276 2.626 | 2.462 
4,944.9899 B | 3p12 206 2.641 | 2.517 
4,957 .0335 B SP 11 277 i 3.3 3.4 
4,957 .123 B 311 2p7 
4 973.538 3011 205 2.496 | 2.406 | 2.89 
4,994.913 B | 3p1, 204 2.451 | 2.365 
5,005.1587 B | 3p2 206 3.10 | 3.13 | 3.58 
5,011.003 M | 3p00 203 2.279 | 2.208 
5 022.864 B | 3p 208 2.592 | 2.506 
5,031.3504 B | 3pes 209 3.634 | 3.665 | 3.374 
5 ,035.989 328 205 5 2.818 | 2.823 
5 037.7512 B | 30 205 0 4.27 | 4.29 | 4.01 
5 074.2007 B | 3p20 2ps | 5 3.53 | 3.54 | 3.27 
5 ,080.3852 B | 3p 2ps 8 4.038 | 4.061 | 3.803 
5,104.7011 B | 3p 207 5 2.798 | 2.745 
5 113.6724 B | 390 2710 “4 3.475 | 3.654 | 3.326 
5,116.5032 B | 3p 2710 8 4.11 | 4.36 | 3.92 
5,122.2565 B | 3p), 205 8 3.6 3.6 
5,144.9384 B | 3p,, 204 0 3.9 4.0 
5, 150.077 3D12 206 5 2.9 2.9 
5,151.9610 B | 3pu 2p7 7 | 3.595 | 3.597 | 3.352 
5,154.4271 B | 3p1 207 6 3.292 | 3.286 
5,156.6672 B | 3pu 27 6 2.5 2.5 
5,188.6122 B | 3p; 8 3.813 | 3.898 | 3.519 
5,191.3223 B | 3p,, 22 
5,193.1302 B | 3p), 2pe 6 36 
5,193.2227 B | 3p), 22 
5 203.8962 B | 3p12 206 3.837 | 3.884 |] 3.515 
5 ,208.8648 B | 3p10 3.584 | 3.585 
5,210.5672 B | 3p2 2p6 | 5de | 6 |..... | ..... 2.860 
5 214.3389 B | 3p12 26 2.777 | 2.745 
5 222.3517 B | 3p20 20s 3.549 | 3.431 | 3.592 
5 234.0271 B | 3pe0 20s 3.161 | 3.125 
5,274.0393 B | 3p, 2.767 | 2.649 
5 ,280.0853 B | 3p), 205 2.962 | 2.899 | 2.660 
5,298.1891 B | 3p, 204 3.492 | 3.396 | 3.300 
5,304.7580 B | 3pn 27 3.255 | 3.154 | 3.088 
5 326.3968 B | 3p0 3.388 | 3.540 3 
5 330.7775 B 4. 
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TaBLE 7g-2. THe Spectrum or Neon I (Continued) 


Classification. 

Wavelength = | 7[_ I log I, | log Jz | log Is 

: System. Paschen 
5,341.0938 B | 3p | 4d | 2p10 | 4ds 20 4.537 | 4.732 
5 343.2834 B | 3p0: | 4doo | 2pi0 |. 4de . 12 4.3 4.5 3.936 
5 349.2038 B | 3p, | 65, | 2p2 | 482 8 3.072 | 3.004 | 2.810 
5,360.0121 B | 3p. | 681 | 2p6 | 484 8 3.392 | 3.297 | 3.129 
5,372.3110 B | 3pi2 | 6812 | 26 | 485 7 3.318 | 3.282 | 2.196 
5,374.9774 B | 3po00 | 5du | 2ps | 5de 6 3.002 | 2.984 
5,383.2503 B | 3p00 | 5d | 2ps | 5ds 4 2.487 | 2.525 
5,400.5616 B | 3811 | 3p 9 | Isa | 2p 50 4.735 | 5.079 | 4.832 
5,412.6490 B | 3p), | Sdi2 | 2pe | 5d; 9 2.948 | 3.015 
5,418.5584 B | 3p), | 5do | 2pe | dds 8 2.88 | 2.85 
5,433.6513 B | 3p | 58, | 2p10 | 3se a) 3.349 | 3.377 | 3.223 
5 448.5091 B | 3p01 | 589 | 2pi0 | 38s 8 | 3.077 | 3.169. 
5,494.4158 B | 3p,, | 6s | 2ps | 484 6 2.843 | 2.745 
5 533.6788 B | 3p\. | Gsi2 | 2p. | 485 7 2.738 | 2.720 
5,538.6510 B | 3p00 | 6s | 2p3 | 484 6 2.625 | 2.532 
5,562.7662 B | 3p | 4s, | 2ps | 4s,” 10 3.9 7 a 
5,652.5664 B | 3p | 4d, | 2p7 | 4s, i 3.400 | 3.562 | 3.240 
5,656.6588 B | 3pir | 4dy2. | 2p7 | 48, 10 4.20 | 4.40 | 3.96 
5 , 662 5489 B dPo1 5811 2D10 384 7 3.438 3.665 
5 689.8163 B | 3p0 | 5si2 | 2pi0 | 38s 8 4.179 | 4.305 | 3.949 
5,719.2248 B | 3p.2 | 4dy, | 2pe | 48,” 10 3.9 4.1 3.7 
5,748.2985 B | 3po, | 4des | 2po | 4d, 10 4.4 4.6 | 4.1 
5,760.5885 B | 3ps3 | 4di2 | 2p— | 4d 7 3.603 | 3.800 
5,764.4188 B | 303 | 4doa | 2po | 4d; 15 5.080 | 5.312 | 4.868 
5 804.4496 B | 3po2 | 4dee | 2ps | 4d, 10. | 4.374 | 4.585 | 4.121 
5,811.4066 B | 3pe2 | 4du | 2ps | 4de 8 3.53 | 3.69 , 
5,820.1558 B | 3pe2 | 4dss | 2ps | 4ds 10. | 4.870 | 5.080 | 4.638 
5, 852.4878 S | 3s,, | 3p | Ise 201 50 5.904 | 6.268 | 6.442 
5, 868.4183 B |. 3p,, | 4d, | 295 | 48: 7 3.659 | 4.341 
5 872.8275 B | 3p1, | 4dy. | 2ps | 48,” 10 4.47 | 4.74 | 4.27 
5,881.8950 S | 3512 | 3201 | Iss | 2pe 20. | 5.235 | 6.300 | 5.974 
5,902.4623 B | 3p, | 4dy, | 2p. | 48,” 6 4.82 | 5.05 | 4.626 
5,902.7835 B | 3p,. | 4dy. | 2p, | 48, 1. | 
5,906.4294 B | 8p | 4dee | 2pr | 4d,’ 6 4.448 | 4.671 | 4.185 
5 ,913.6327 B | 3piu | 4d | 2p7 | 4d 9 4.133 | 4.303 | 3.927 
5,918.9068 B | 3po0 | 4di, | 2ps | 4s; 9 4.09 | 4.28 | 3.860 
5 944.8342 S | 3s. | 3pi2 | 18s 204 10 5.365 | 6.380 | 6.104 
5,961.6228 B | 3p, | 4d. | 2p2 | 4s, 7 3.903 | 4.198 | 3.717 
5,965.4710 B | 3p, | 4dig | 2p2 | 4s, 10 4.54 | 4.75 | 4.25 
5,974.6273 B | 3pi2 | 4des | 2pe | 4d, 10 4.7 5.6 | 
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TaBLE 7g-2. Tue Spectrum or Neon I (Continued) 


Classification 


Wavelength 


Le | eves | caren fr ee 


5,975 .5340 S 


5,987.9074 B 4.373 | 4.601 | 4.058 
5,991.6532 B 7 | 4.049 | 4.237 | 3.729 
6,000 :9275 B 6 | 3.725 | 3.925 
6,029.9971 S 10 | 5.200 | 6.266 | 5.748 
6 046.1348 B 4 | 3.249 | 3.961 
6,064.5359 B 4 | 3.613 | 3.995 

6 ,074.3377 S 10 | 5.411 | 6.490 | 6.093 
6 096.1630 S 8 | 5.428 | 6.550 | 6.161 
6;128.4498 B 6 | 4.908 | 5.580 | 5.024 
6,143.0623 S 10 | 5.48 | 6.63 | 6.198 
6,163.5939 S 12 | 5.231 | 6.488 | 6.010 
6,174.8829 B 5 13.9 143 |. 
6,182.1460 B 7 =| 3.610 | 4.737 | 4.334 
6,189.0649 B 5 | 3.544] 3.846| 
6,193.0663 B a eee 3.498 

6 205.7775 B 6 | 3.785 | 4.043 

6 213.8758 B 7 | 4.376 | 4.473 

6 217.2813 S 15 | 5.359 | 6.436 | 5.962 
6 246.7294 B 6 | 3.929] 4.129] | 

6, 266.4950 S_ 15 | 5.336 | 6.606 | 6.156 
6 293.7447 B 6 | 3.683] 3.900] | 

6 304.7892 S 6 | 5.422 | 6.391 | 6.009 
6 313.6921 B 7 {13.8991} 4.151] 
6 328.1646 B 8 | 4.424 | 4.546 

6 334.4279 S 10 | 5.567 | 6.679 | 6.281 
6 351.8618 B 6 | | 

6 382.9914 S 12 | 5.503 | 6.684.| 6.221 
6 402.2460 B 20 | 5.93 | 6.83. | 6.389 
6 421.7108 B 6 | 3.701 | 3.893 | ~ 
6,444.7118 B 7 | 4.094 | 4.191.] 3.823 
6 506.5279 S 15 . | 5.635 | 6.709 | 6.287 
6 532.8824 S 6 | 5.381 | 6.531 | 6.094 
6 598.9529 S 15 | 5.736 | 6.691 | 6.213 
6 652.0925 B 7 | 4.279 | 4.681 | 4.203 
6 666.8967 B 6 

6 678.2764 8 9 | 5.840 | 6.806:| 6.393 
6,717.0428 S 2 | 5.765 | 6.712 | 6.286 
6, 929.4672 B 0. | 5. 6.783 | 6.421 
7 ,024.0500 B 9 6. 
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TasBLE 7g-2. THE SpectruM oF Neon I (Continued) 


Classification 
Wavelength = =——)7@_ Io log IZ, | log Iz | log Js 
System. Paschen | 

7,032.4127 S | 3s | 3p | Iss | 2pr0 10 5.732 | 6.917 | 6.362 
7,051.2937 B | 3p | 3d,, | 2p. | 3s; 5 4.286] ..... 4.281 
7,059.1079 B | 3p | 3di, | 2pi0 | 3s,’ 7.5 | 4.868 | 5.534 | 4.904 
7,173.9380 B | 3s,, | Spee | 1se 208 10 5.793 | 6.411 | 6.022 
7,245.1665 B | 3s, | 3p | 1s, | 2p10 10 5.751 | 6.756 | 6.289 
7,438.8981 B | 3s,, | 3p | Iss | 2p10 8 5.510 | 6.424 
7, 472.4383 B 3p | 3di1 | 2pi0 | 3de 4 4.432 | 5.021 | 4.441 
7,488.8712 B | 3p | 3di2 | 2pio | 3ds 9 5.398 | 6.052 | 5.424 
7,535.7739 B | 8p | 3do. | 2pi0 |. 3ds 8 5.352 | 5.978 | 5.387 
7, 544.0439 B 3p01 | 3doo | 2pi0 | d3de 6 4.962 | 5.667 | 4.956 
7,724.6281 B | 3p | 5s | 2p1 | 384 10 
'7,839.0550 B | 3pe3 | 3dy, | 2p0 | 3s, — 30 3.303 | 3.939 | 3.19 
7,927.1172 B | 3pe2 | 3d,, | 2p. | 3s, Be Wh ant aes Sas 3.48 
7,936.9946 B | 3pe2. | 3d, | 2ps | 38, 70 3.487 | 4.043 | 4.040 
7,943.1805 B | 3pe2 | 3dy, | 2ps | 38). 200 4.718 | 5.412 | 4.725 
8,082.4576 B | 3s), | 3p0 | Ise 2710 200 4.676 | 5.203 | 4.629 
8,118.5495 B | 3p | 3d,, | 2p7 | 3s; 100 4.452 | 5.030 | 4.419 
8,128.9077 B | 3p | 3di, | 2p7 | 3s, 60 3.916 | 4.633 | 3.85 
8 136.4061 B | 3p | 3dy, | 2pr | 3s,” 300 5.047 | 5.718 | 5.029 
8 248.6812 B | 3pi2 | 3d;, | 2p6 | 3s; 30 3.467 | 4.038 | 3.34 
8,259.3795 B | 3pi2 | 3dj, | 2pe | 33; 150 7 a 4.280 
8 266.0788 B | 3pi2 | 3d, | 2p6 | 35). 250 ... . | 5.387 | 4.691 
8 267.1166 B | 3pi2 | 3dy, | 2pe | 3s,” 80. | 
8,300.3248 B | 3pe3 | 3des | 2po | 3d, 600 5.31 | 5.97 | 5.316 
8 365.7464 B 3P23 3di2 2D9 3d3 150 4.439 ee ee 4.415 
8,377.6062 B | 3pe3; | 3dsa | 2po | 3d, 800 | ..... 4.0... 5.957 
8,417.1614 B | 3po2 | 3de | 2ps | 3d, 100 4.2 4.9 
8,418.4265 B | 3p22. | 3de2 | 2ps | 3d, 400 5.15 | 5.87 | 5.244 
8,463.3569 B | 3pe2 | 3diu | 2ps | 3de 150 4.433 | 5.039 | 4.452 
8,484.4424 B | 3pe2 | 3di2 | 2ps | 3d 80 3.930 | 4.678 | 3.90 
8,495.3591 B | 3p22 | 3dss | 2ps | 3dy 500 5.703 | 6.324 | 5.764 
8 544.6952 B | 3pe22 | 3d | 2ps | 3ds 60 4.014 | 4.752 | 3.98 
8,571.3535 B | 3p;, | 3d, | 2ps | 3s; 100 4.332 | 5.012 | 4.330 
8,591.2583 B | 3p, | 3do. | 2ps | 3s, 400 5.436 | 6.057 | 5.450 
8 634.6472 B | 3piu | 3dee | 2p7 | 3d, 600 5.3 6.0 | 5.386 
8,647.0400 B | 3pi2 | 3dy, | 2p, | 3s, 300 4.709 | 5.235 


8 654.3837 B | 3p,. | 3de5 | 2p. | 38, 
8,655.5206 B | 3pi. | 3dee | 2pa | 38, 400 
8 ,679 ‘: 4898 B 3Po0 3d,1 2D3 38, ee 5.016 
8,681.9216 B | 3p | 3du | 2p7 | 3de 500 
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TABLE 7g-2. THE SPEcTRUM oF NEon I (Continued) 


Classification 
Vavelength ee Io log 1, | log Iz | log I; 
System. Paschen 

8,704.1182 B | 3p | 3di2 | 2p7 | 3d3 200 4.243 | 4.992 | 4.201 
8,771.6592 B | 3p), | 3d,, | 2pe | 3s, 400 4.845 | 5.467 | 4.888 
8,780.6223 B | 3pi12 | 3de3 | 2p6 | 3d, 1,200. | gga | acess 5.642 
8,783.7539 B | 3p), | 3d; | 2p2 | 3s,’ | 1,000 | .....]..... 5.488 
8,830.9078 B | 3pi12 | 3d. | 2p6 | 32 50 3.606 | 4.258 | 3.61 
8,853 .8669 B | 3p12 | 3di2 | 2pse | 3ds 700 5.233 | 5.805 | 5.246 
8,865.3057 B | 3p12 | 3dss | 2p6 | 3d, 100 
8,865.7562 B | 3pu | 4s, | 2p | 2s BOG) Hh PA: eB 830 
8,919.4987 B | 312 | 3do. | 2ps | 3ds 300 4.623 | 5.290 | 4.624 
8,988.58 3p01 | 48, | 2p10 | 2ss 200 4.310 | 4.712 | 4.12 
9,148.68 3p1, | 3dee | 2ps | 3d, 600 4.809 | 5.501 | 4.808 
9,201.76 3p1, | 3di. | 2ps | 3de 600 4.786 | 5.381 | 4.826 
9 220.05 3pi. | 3des | 2p, | 3d, 400 4.54 | 5.23 | 4.624 
9 221.59 3pi2 | Bde | 2p, | 3d,’ 200 4.0 4.7 
9 ,226 .67 3p1, | 3di2 | 2ps | 3ds 200 4.040 | 4.785 | 4.01 
9 275.53 3p. | 3di | 2p, | 3dz 100 | ..... 4.466 | 3.83 
9,300.85 3pi2 | 3di2 | 2p, | 3ds 600 4.650 | 5.261 | 4.639 
9,310.58 | 3p1, | 3doo | 2ps | 3de 150 4.213 | 4.966 | 3.60 
9,313.98 3pi2 | 3dss | 2p, | 3dq 300 4.224 | 4.947 | 4.23 
9 326.52 3p00 | 3di. | 2p3 | 3de 600 4.682 | 5.285 | 4.710 
9 373.28 3p. | 3do. | 2p. | 3ds 200 4.008 | 4.712 | 3.96 
9 425.38 3p00 | 3d. | 2ps | 3ds 500 4.472 | 5.225 | 4.47 
9,459.21 | 3p51 | 3di2 | 2p2 | 3d; 300 4.211 | 4.969 | 4.15 
9,486.680 M | 3p | 4811 | 2p10 | 2s, 500 4.793 | 5.280 | 4.76 
9,534.167 M | 3p), | 3d | 2p2 | 3ds 500 4.555 | 5.319 | 4.567 
9 547.40 3p5, | 3doo | 2p2 | 3de 300 4.241 | 4.986 | 4.15 
9,665.424 M | 3p | 4812 | 2pi0 | 2ss 1,000 5.207 | 5.552 | 5.155 
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Fig. 7g-1. Photoelectric traces of the neon spectrum, microwave discharge at 1.25 mm. 
Wavelength range is 3,000-10,000 A. 
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Fig. 7g-1 (Continued) 
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Fig. 7g-1 (Continued) 
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Fie. 7g-1 (Continued) 


M, Meggers and Humphreys, J. Research Natl. Bur. Standards 13, 293 (1934) 

S, International secondary standard? 

The classification is expressed in two notations: 

Systematic (M odified Racah). Orbital angular momentum of the last electron 
(valence electron) is specified by the symbols s, p, d, etc. (not the angular momentum 
of the configuration as in L, Scoupling). The first subscript is the angular momentum 
K of the atom exclusive of the spin of the valence electron minus 3. The second index 
is the total angular momentum J of the atom (J = K + 3). The levels are primed 
if they converge to the #P; level of the ion which lies above the lowest ionization 
limit 2P3. 

Paschen Notation. This is a semiempirical notation first used by Paschen and 
extensively used in the literature for the rare-gas spectra. It is now obsolete. 

The intensities are standardized in such a way that they give the energy flux from 
100 cm? of the light source per unit solid angle in ergs per second. J1, glow discharge, 
60 cycles, pressure 1.25 mm; Iz, microwave discharge; pressure 10 mm; /3, hollow- 
cathode discharge, pressure 3.5 mm, current 90 ma. oe 

Argon I. Listed in Table 7g-3 are the strongest lines in the argon spectrum and 
some others for which accurate wavelength determinations have been made. Letters 
indicate origin of wavelengths: | 

B, Burns and Adams, J. Opt. Soc. Am. 48, 1020 (1953) 

L, Littlefield and Turnbull, Proc. Roy. Soc. (London) A218, 577 (1953) 

M, Meggers and Humphreys, J. Research Nail. Bur. Standards 18, 293 (1934) 

There are systematic deviations between the wavelengths of different observers, 
and care should be exercised if the lines are to be.used as wavelength standards. 

coLuMNs 2 To 5: Classification, systematic (modified Racah) and conventional 
Paschen designations (see Table 7g-2). 

CoLUMNS 6 AND 7: Intensities (logarithmic scale): J:, intensity in 60-cycle a-c 
glow discharge; current 60 ma, argon pressure 3 mm, Iz, hollow-cathode discharge 
with iron electrodes, current 150 ma, argon pressure 1 mm. 


1 Trans. Intern. Astron. Union 5, 86 (1935). 


3,319.3446 B 
3,373 .4823 B: 
3 554.3048 L- 
3 567.6550 L 


3,572 .2960 B 


3,606 .5207 L. 


3,649 
3, 834 
3,894 


.8310 LE 
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.6609 L | 


3 947.5046 L 


3,948 .9785 L 


4 044.4176 L 


4,045 .9645 L. 
4,054.5259-L - 


4,158. 
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4,181. 
4,190. 
4,191. 
4,198. 


4,251. 
4,259. 
4,266. 
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4,300. 
4,333. 
4,335. 
4,345. 
4,363. 


4,510. 
4,522. 
4,596. 
4,628. 


5906 L . 


1794.2: 


8833 L 
7126 L 
0292 L 


3174 L 


6745 L. 
1848 L . 


3615 ZL 


2865 L | 


1688 L 


1005 LZ: 
5611 L . 
3374 L 
1679 L 


7944 L 


7332. L° 
3231 L: 
0963 L- 


4406 L 


4,702.3160 L 


4,768.6750 B: 


4,876.2610 L 


4,887.9478.B. 
5 ,060.0793 B- 
»5,151.3943 B 
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Intensities 


log I log I. 
2.18 

1.75 

1.54. 

3.09 62.65 
3.16 | 
2.17 

1.92 , 
3.80. 3 .56 
3.03 2.62 
3.13. 2.56 
Cee: 3.11 
3.53 | 

3.83 

2.73. 

3.40. 
3.29 © 3.11 
3.54 

3.40. . 
3.32 3.00 
2.95: 2.52 
2.91 2.59 
1.89 2.30 
3.13 2.92 
2.62 2.19 
2.65 2.20 
2.42 
2.74 2.27 
1.63 © 

1.80 

Lele 

1.65. 

2.00 | 


System Paschen. 
4810 (Piz 1s; Ope 
4811 TPo00 1s, SDs | 
4sy0 6712 ls; 4D¢ : 
4812 6pe3 Iss 4D 
4s), TPo0 ls Os , 
43811 6Pe0 ls, ADs 
45, | 62% | Iss 4p. 
4s), 6Po0 1s2 Ans 
485, 6701 1s 4pi0 
4812 5 pie ss 3D3 | 
4sy0 5Do1. ls, 3pe 
4811 5Dia ls4 3Ds 
4si1 5 poi 1s ope 
4811 5Da ls4 3D4 
4312 5Pie 1s5 3De6 
4812 5D lss 3D7 . 
4859 5Poy 1s; 3p2 
4812 5poe ls; 3Ds 
4859 SP 1s3 3D4 
4s\1 5DPoo. ls, SPs 
Asie 5pe3 1s5 3Do 
4sie 5po1 lss 3P10 
486, 5Do6 1s. 3p1 
4811 OPi2. ls, 36. 
4811 Spit. 1s, Spr 
4811 5Po0 1s, 3p 5 
485, 5Dj. 1s2 3D3 
48} 501 ; lse 3pe 
4s); 5p 1s SDs 
4si1 Spo 1s, 3Pi0 
4s), 5Po0 18e SDs , 
4850 5poi 1s3 3P10 
4s), OP11. 1se 3D7 
480, Spee 1se 3s 
Asi Spor 1s 3Pi0 
Ano 6dio 2010 6s, 
401 Tdie 2710 7ds3 
4p01 Tdoi 2710 7ds 
Apes Sdau 2D9 Sd. 
401 6doo 2710 6de 
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Tasie 7g-3. THE SpecrruM or Arcon I (Continued) 


Classification | Intensities 


rN 
System. Paschen log 11 log Ie 
5 ’ 162.2847 L ADo1 6do1 2D10 6ds 2.47 
5,187.7467 L 4po1 5die 210 5s, 2.53 2.01 
5 221.2690 L Apes Tdsa 205 7d, 2.17 
5 252 .7857 L Ape Td3s3 2s 7d4 1.85 
5 373.4951 B 4p Tde2 207 7d, 1.45 
5 410.4750 B Api. 7de3 206 7d, 2.49 
5 421.3492 L Anes 8s12 2D 585 2.00 
5 439. 9903 B 4001 7811 2P10 As, 1.67 
5,451 .6506 L 4001 7812 2210 Ass 2.42 2.00 
5 ,457.4158 B ADoe 8s11 2Ds 584 1.09 : 
» &§ 467 . 1626 B Apo 8312 2Ds 585 1.28 
5 473.455 B Anos 7801 208 Aso 1 45 
5 495.8728 L Apes 6ds4 205 6d, 2.72 2.39 
5 506.1105 L Ape. 6ds33 2s 6d4 2.00 1.98 
5 524.9576 L Apes | Bdgs 20 5s, 1.70 1.43 
5,558.7015 L Apo dis 2710 5ds 2.84 2.48 
5, 572.5406 L Apes 5dos 2s 5s 1. 2.35 2.09 
5 588.7213 B Apes 5dos QDs 5s, 1.55 
—5,597.4783 B ADs. 6d4; 203 6s," 1.58 
5 ,650 .1042 LE 4Dor | 5doo 2D10 5de 2.54 2.21 
5 ,659.1278 B Apie 8812 206 585 1.61 
5 681.8976 L Apis 6des 206 6d; 1.78 1.43 
5,739.5191 L Api 5doo 27 5s, 2.25 1.93 
5 772.1143 L Apis 5doy 206 5s, 1.83 1.71 
5 802.0802 L Apis 6do1 206 6ds 1.69 
5, 834.2640 L Api 5dis 206 5s, 2.01 1.75 
5 860.3098 L Apo. 685; 210 380 2.19 2.05 
5 882.6245 L Apo 6350 2p10 | 38s 2.41 1.98 
5 888.5830 L Anes 7812 205 Ass 2.78 2.34 
5 912.0848 L Apo 4d), 2010 As, 2.82. | 2.62 
-§,928.8119 L Apes 7811 20s 4s, 2.43 2.17 
5 942.6676 L Apes 7812 208 4s5 1.96 1.84 
5,987 .3027 B 4pe23 5dss3 2po 5d. 2.10 1.75 
5,999 .0004 B Anes dos 20s 5d, 1.90 : 
6 005.7246 B Api. 8s 203 5s, 1.33 
6 013.6790 B Apes 5dis 2Ds 5ds 1.75 
6 025.1515 B ADi2 7801 20s Ase 1.97 
6 ,032.1273 L Apes 5das Zo 5d, 3.33 2.91 
6,043.2232L. | 4pe | 5Sdss | 2ps_ | 5ds 2.88 2.46 
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r 


6,052. 
6,059. 
6,098. 
6,105. 
6,145. 


6,155. 


6,170. 
6,173. 
6,212. 
6,215. 


6,296. 
6,307. 
6,364. 
6,369. 
6,384. 


6,416 
6,431 
6,466 
6,538. 
6,604 


6 ,660 
6 ,664 
6,677 
6,698. 
6,719 


6,752. 
6,766. 
6,827. 
6,871 
6,888. 


6,937. 
6,965. 
7,030. 
7,067 
7,107. 


7,125. 
7,147 
7,206. 
7,272. 
7,311. 


7230 L 
3723 L 
8046 B 
6346 L 
4406 L 


2393 B 


1734 L - 


0949 L 
5015 L 
9423 B 


8739 L 
6561 L 


8940 L- 


5756 L 


7160 L 


.3064 L 
.5553 L 
5498 L 


1118 LZ 


.8542 B 


6784 B 
0533 B 
2812 B 


8752 B 


.2193 B 


8347 B 
6134 B 
2529 B 


.2898 B 


1704 B 


6658 B 
4304 B 
2519 B 


.2175 B 


4777 B 


825 B 


.0408 B 


9812 B 
9349 B 
724 B 


IMPORTANT ATOMIC SPECTRA 


Classification 

System. Paschen 
4Do1 4dso 2D10 43,” 
Ano. Adie 2D10 4s," 
4pi1 7814 2p1 As, 
4p, 5d. 2p. 5s," 
4D, 4d, 2p3 5s," 
4pi2 7811 206 48,4 
401, 5die 24 5s, 
4Die 7812 206 485 
4p11 5des 207 5d,’ 
412 5des 206 5d, 
4pi. | Sdig | 2ps | 5s,’ 
4p, | Sdiz | 2p2 | 5s;’ 
Api2 Sdi2 206 5d3 
4pir 5doo 2D7 5de 
4pie 5do1 206 5ds 
4901 6si1 2710 384 
4001 6812 2D 10 385 
4peoo 655; 2Ds 382 
4Do0 5d11 275 5de 
Apes Ads, 25 4s," 
Apoe 4d,, 205 4s,’ 
4D 6851 27 383 
4No9 Adie 20s 43,/"" 
4811 4D ls, 201 
4D12 6s, ; 276 382 
4Do00 Sdo1 2)5 5ds 
4po1 Adie 2D10 4d 
Ape Adi, 206 4s, 
4Di> 5do1 2D3 5ds . 
Apo. 4do1 2D 10 4d, 
Ani 4d}, 2p; 4s,’ 
4po1 4doo 2710 4de 
4812 4D, 1s5 2p2 
4po3 6812 2D 385 
4812 41. 1ss 2)3 
Apes 6812 208 3585 
4p, | 639, 2p. 382 
4s 4D, lss 204 
4p. | 689, 2p3 382 
4s 4D, ls, 202 
4011 6811 207 384 
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Intensities 
log I; log Ie 
2.28 1.84 
2.59 2.25 
2.10 2.05 
2.28 2.81 
2.25 1.93 
1.93 
2.25 
2.30 2.71 
2.26 1.97 
2.01 
2.18 
2.36 2.09 
1.75 
2.05 
2.60 2.34 
3.36 2.87 
1.60 
1.64 
2.18 
2.43 
2 12 
2.16 
3.40 3.01 
1.97 
1.92 
3.60 3.26 
2.27 | 
1.89 
3.53 3.26 
2.45 
3.15 2.86 
5.06 4.75 
3.57 3.19 
5.01 4.75 
2.79 
2.47 
4.42 3.83 
2.93 
4.71 4.23 
2.89 
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TaBLE 7g-3. THE Spectrum oF ArGon I (Continued) 


10 470.051 M. 


Classification Intensities 
r , 
System. - Paschen log I, 
7 372.1189 B Apes Ads 2p. 4d, 3.76 
7,383 .9796 B 4811 4D. ls 203 5.02 
7,412.334 B 4Di1 4d5. 204 4s,/" 2.55 
7,425.290 B 4Dss 4dos 203 4s," 2.48 
7,471.1676 B 4811 Ani, 1s, 204 2.86 
7,503 .8685 B 4s), 4Do lse 271 5.35 
-7,514.6514 B 4s Apoo 1s, 205 5.22 
7,635.1056 B . Asie Apis 1s; 276 5.53 
7 ’ 723 ‘ 7599 B Asie Api ls; 2p7 5.44 
_7,891.0777 B. 4pi2 Adis 26 4d; 3.60. 
7,948.1755 B 4S ADi1 Iss 2p4 5.13 
8 006.1566 B. 4s, 4D12 ls, 276 5.23 
: 8 014.7853 B. 4819 4Do2 1ls5 2Ds 5.30 
8,103 .6920 B 4811 4p 1s, 207 5.31 
8,115.3108 B Asie Apes 1ss QDs 5.58 
8 264.5221 B. 485, ADs, Ise 2p. 5.28 
8, 408.2094 B 4s), ADi» 1se 2p3 5.36 
8 424 6473 IB: 4811 429 ls, 2Ds 5.35 
8 521.4428 B 4851 4D;, 1s. 24 5.18 
8 605.7790 B . ADie Adis 203 Ads 
8 ,620 4602 B Apoo Ado 205 Ads 
8 667.9438 B 4Soo Apu 1s; 207 4.52 
8 ,761.6907 B. 4D 4di2 22 Ads 
8,799.082 B ADie Ado 203 Ads 
9 ) 122 : 9660 B Asie 4po1 lss 2P10 
9,194.637 B Apo 5800 2010 282 
(9 224.4955 B 4s, 412 1se 206 
9 ,354.218 M Aso, Apu Ise Qp7 
9 657.7841 M 4811 4Do1 Is, 2DP10 
9 ,784.5010.M. Aso, Apo 1s2 2s 
AS 4001 1s; 2P10 
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Argon Microwave 
6.5mm Pressure 
 End-on View 


Fig. 7g-2. Photoelectric traces of the argon spectrum, microwave discharge at 6.5 mm 
pressure. Wavelength range is 3,500-10,000 A 
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Krypton I. Notation and arrangement of Table 7g-4 are similar to those of the | 
Tables 7g-2 and 7g-3. 


Wavelengths 


All values given to 8 significant figures are interferometric values. 
S, International secondary standard! . 
L, Littlefield, Proc. Roy. Soc. (London), ser. A, 187, 220 (1946) 


1 Trans. Intern. Astron. Union 5, 87 (1935). — 
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Taste 7g-4. Toe Spectrum oF Krypton I (Continued) 
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6,151. 
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6,346. 
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5po1 5diz 
5po1 6551 
5Dee2 7811 
5po1 6550 
5pes 7812 
5pe22 5di1 
5pe2 7812 
5811 5Poo0 
5812 SPiz 
5x01 Poo 
5812 5P11 
5Pes 5des 
5Po1 5doo 
5Peo2 5dee 
5P11 781 
5800 5D ox 
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TasLe 7g-4. THE SPEcTRUM oF Kryrton I (Continued) 
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5812 Por 
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Spas Adi. 
OPe22 Adio 
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Tasie 7g-4. Tue Spectrum or Krypton I (Continued) 


LL 


r i Classification Io log hi 


Wavelengths not followed by a capital letter and all Io values are taken from the three 
following sources: ~ % : 7 Ge whet 

4,273 to 7,601 A: Meggers, deBruin, and Humphreys, J. Research Natl. Bur. 
Standards 7, 643 (1931) ; 

7,685 to 9,856 A: Meggers and Humphreys, J. Research Natl. Bur. Standards 10, 
443 (1933) | | 

11,792 to 18,167-A: Humphreys and Kostkowski, J. Research Natl. Bur. Standards 
49, 73 (1952) © Ma | es an 

I), intensity in a microwave discharge at 1.6 mm pressure. This is approximately 
the vapor pressure of krypton at the temperature of liquid nitrogen (77°K). Immers- 
ing a discharge tube with krypton at a. room-temperature pressure of more than 7 mm 
in liquid nitrogen will keep the pressure very steady at about 1.6 mm and therefore 
will produce very constant intensities. . 
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Krypton Microwave 
1.6mm Pressure 
End-on View 
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Fie. 7g-3. Photoelectric traces of the krypton spectrum, microwave discharge at 1.6 mm 
pressure. Wavelength range is 3,500-—10,000 A. | - 
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Krypton Microwave 
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Fig. 72-3 (Continued) 


Xenon I. Wavelengths in Table 7g-5 are from Humphreys and Meggers! and 
Humphreys and Kostkowski? (above 11,000 A). Notation is the same as for Ne I 
and Al. x 3 | | 

Intensities are as follows: Io, conventional estimates quoted from the literature; 
I,, microwave discharge, pressure of 0.002 mm; J2, same, p = 0.07 mm; 7/3, same, 
p = 16mm; I,, d-c glow discharge, p = 4.1 mm.° 

For significance of the intensity scale, see Table 7g-2. 

1C. V. Humphreys and W. F. Meggers, J. Research Natl. Bur. Standards 10, 139 (1933). 


2 Humphreys and Kostkowski, J. Research Natl. Bur. Standards 49, 73 (1952). 
3? The I; to Is intensities were measured by M. Thekaekara, 8.J. 


Wavelength 


3,685 
3,693 
3,745 
3,796 


3,948. 


3,950. 
3,967. 
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TaBLe 7g-5. Tue Spectrum-or XENON I 


Classification 
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TPi12 
7D23 


6D, 
(p22 
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10do. 
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7891 


1-75 


log I, 

2.32 

° 3.21 

38.34 

2.34 

2.26 

2.76 

2.66 

2.71 

3.25 

3. 2.83 

2. 2.55 

500 4 5. 4. 2.98 
400 3. 4. 3. 3.64 
300 4, 4. 3. 3.42 
100 2. 3. 2. 2.61 
1,000 4. 5. 4. 4.44 
2,000. 4, 5. 4, 4.70 
100 3. 4. 3. ~ 3.25 
300 4. 5. 4. 3.92 
600 4. 5. 4. 4.10 
150 3. 4. 3. 3.12 
500 4. 5. 4. 4.12 
400 4. 5. 4. 3.97 
300 4. 5. 4, 3.84 
500 4, 5. 4. 3.95 
500 4. 5. 4. 3.99 
200 3. 4. 3: 3.25 
| 2.46 
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TaBLE 7g-5. THE SpEcTRUM OF XENON I (Continued) 


Wavelength Classification Io log I; | log I2 | log Zs | log I. 
5,439 923 6351 Thi. 30 3. 3.49 3.21 2.03 
5,460 .037 6p | lise 15 3. 3.12 | 2.81 
5 488.555 6poo | 11dss 20h | 2. 3.22 | 3.56 
5 552.385 6 p01 Odie. 80 3 3.78 | 3.48 | 2.42 
5 566.615 6p | 9d 100 2a 3.86 | 3.52 | 2.10 
5,581.784 | 6p | 9doo 50. | 3. 3.53 | 3.52 
5,618.878. | Gpo2 | 10d33 80 3. 3.60 | 3.61 | 2.21 
5,688 .373 6851 6fe2 40 2. 3.41 2.84 
5 695.750 635) 6fi2 100 
5 a06 470: || ae so} 3 4.06 | 3.50 | 2.62 
5,715.716 6po1 ' 10812 70 
5.716.252 | Gpes | 10ds so} : BOO ee |, “A oed 
5,807 .311 6 poe Odes 15 2. 2.93 | 2.67 
5,814.505. | 6poz Odes 60 a 3.58 | 3.31 | 2.16 
5 ,823 .890 6800 5f 11 300 3. 4.65 | 4.08 3.23 
5 824.800 6po2 Odsa 150 
5-,856 . 509 6po1 Sdee 15 2. 3.21 2.81 7 
5 875.018 6po1 Sdie 100 4, 5.41 3.77 | 2.98 
5 894.988 6po1 8do1 100 3. 4.44 | 3.85 | 3.02 
5,904. 462 6pe3 Odes 20 3. 3.42. | 3.16 
5 922.550 6 po Odss 20 a3 3.52 | 3.23 
5,931 241 6701 Sdoo 80 
5.934.172 | 6pes | de | 100} = ie 
5, 974.152 6pi2 | 10des 40 3) 3.42 | 3.57 
5,989.18 | 6p | 10di2 20 2. 3.19 | 3.17 
5 998.115 6po | 10s 30 3. 3.51 3.12 
6,007 .909 Gpe | 10si2 15 cl: 3.20 | 2.79 | 
6,111.759 6p Odes 30) = Z 
6,111 .951 6pe3 10812 “of p02 eee 
6,152 .069 6po | 8de | 20 3.46 
6,163 .660 6pe2 | S8de2 - 90 at ae 
6.163.935 | 6s), | Bf so} = te a 
6 ,178.302 6351 Bf ie 150) - : 
6.179.665 | 6s), | Sf | 120} Bree) a eer 
6,182.420 | Op22 Sdsz 300 4.19 3.42 
6,189. 10 : 6701 9811 20 2. 3.43 3. 16 
6,198. 260 6po1 Osi 109) 3.01 
6.200.800 | Gp | des | 60 2208 oy ould 
6 ,206 .297 Ope22 8do1 20 3. ... [| 8.27 
6 224.169 6pi2 Odie 40 3.67 | 3.39 
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Tas_Le 7g-5. Tue Spectrum or XENON I (Continued) 


TS Sn sn eeetsnsesnsesspunensnninuenngumaens 


Wavelength Classification Io log I; log Iz log I; log I, 
6 261.212 6pes Sdes 50. 3.39 | 4.03 3.45 

6 , 265.301 6850 8p01 40 | 3.18 3.87 2.96 

6 286.011 5dsa: Shas 100 3.34 3.82 3.84 

6 292.649 6pes 8dss 50 3.43 4.06 3.47 

6,318 .062 6pes Sdsa 500 4.34 4.93 4.42 3.66 
6 430.155 6pi2 | 10s,2 20 ava 3.44 

6, 469.705 6po1 7di2 300 4.15 | 4.92 4.05 3.56 
6 472.841 6po1 7d 150 3.92 4.57 3.70 3.20 
6,487.765 | 6po1 7doe 120 3.90 4.59 3.72 3.22 
6,497.43 5dsa Th ss 30hl 

6 498.718 6pir Sdoe 100 3.90 4.44 3.89 3.09 
6,504.18 6s), 8po0 200h 3.82 4.37 4.16 3.05 
6 521.508 6pi1 Sdie 40 3.30 3.88 3.25 

6 533.159 6pe2 9811 100 4.32 3.56 

6 ,543 .360 6p22 Osie 40 3.78 3.95 

6 554.196 5die Thos 50hl | 3.54 4.02 3.78 

6 595.561 6p12 Sdos 100 4.08 | 4.61 4.05 3.20 
6,632. 464 6pi2 8die 50 3.76 4.32 3.73 

6 ,666 .965 6 pes 9812 60 3 

faao ee ee 150} 4.26 | 5.03 | 4.19 | 3.69 
6 678.972 6s, | Spo 25 3.49 4.12 

6,681 .036 5doo 6fir 20 . 

6,728.008 | 6p 7doy 200 4.48 5.22 4.34 3.85 
6,777.57 5dor 6f12 50 

6,778.60 | 5dr | Gf ‘oy Beret Saeee. | 28e8e " 
6 827.315 6850 Afi 200 3.91 4.12 4.27 3.83 
6 , 846.613 6 poe 7dy» 60 3.95 4.72 4.03 3.45 
6 , 866.838 6pee 7dee 50 3.87 4.56 : 

6 872.107 5dss 6f 4s 100 4.19 4.84 4.52 3.58 
6 882.155 6pe2 | 7dss 300 4.77 5.41 4.68 4.14 
6,925.53 5dis 6f23 100 3.97 4.51 3.88 3.25 
6 ,976 .182 6pes | Tdes 100 4.07 4.93 3.99 3.52 
7,119.598 6pes- | 7da« 500 4.91 5.62 4.92 4.43 
7,257.94 Bdss | Of a4 60 4.07 4.73 4.07 3.39 
7,262.54 6pi1 7d. 20 4.02 | 4.70 3.83 3.26 
7,266.49 Opi . Tdi 25 4.60 

7,283 .961 6s, | 4f22 40 

pose aon heey. aa eo} 4.61 | 5.33 | 4.50 | 4.00 
7,316 .272 6351 Afi. 70 4.09 | 5.07 | 4.35 | 3.83 
7 321.452 6s), Afi 80 5.00 
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TaBLE 7g-5. THE SpecTRUM OF XENON I (Continued) 


Wavelength Classification 
7,336. 480 6pe2 —63..56 
7,355.58 5doo 3.26 
7,386 .002 6po1 3.85 
7,393.793 | 6pie 3.96 
7,400.41. 6pi2 3.46 
7,451.00 5dor | - 3.05 
7,472.01 ° 5do1 3.65 
(7,474.01 | 5doi 
7,492.23 6pe3 3.27 
— 7,559.79 5d3a 3.35 
7,584.680 | 5ds. 5.42 4.28 
7,642 .025 6850 
7,643.91 | 5dis Bias sta 
7,664.56 die — 4,83 3.47 
7,740.31 Opis 4.59 3.17 
7,783.66 © 5dee 4.55 3.17 
7,802 .651 6 p22 5.19 3.89 
7,881.320 | 6pee 4.73. 3.45 
7 ,887 .395 6391 5.66 (4.45 
7,937.41 6Po0 4.42 3.05 
7,967 .341 6840 5.45 4.97 | 4.53 
8 029.67 5dss 4.85 3.79 3.46 
8 ,057 .258 5das 5.33 4.67 4.10 
8 061.340 6 pos 5.38 4.55 4.12 
8,101.98 5dos 4.71 3.93 3.25 
8,171.02 | 5do1 4.97 4.01 3.55 
8 206.341 | 6355 6.01 5.20 4.85 
8 231.6348 | 6812 7.16 6.87 6.37 
8 , 266.519 6851 5.93 5.20 4.72 
8 ,280.1163 6811 6.73 6.71 6.21 
8,346.823 | 63, 6.36 5.82 5.29 
8,409 .190 6812 6.60 6.01 5.63 
8,522.55 6800 4.72 3.69 3.28 
8,530.10 6p12 4.74 3.83 3.39 
8,576.01. 6501 5.26. | 4.42 3.98 
8,624.24 6piz 4.10 3.65 
8,648.54 6851 4.77 4.32 
8,692.20 6851 4.31 3.87 
8,696.86 5doo 4.46 3.86 
3. 


8,709 .64 5dee 
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TaBLE 7g-5. Tue Spectrum or XENON I (Continued) 


Wavelength Classification Io log I; log I2 | logZs | log I, 
8,739 .39 300 4, 6.03 5.22 4.80 
8,758.20 100 4, 5.35 4.8 4.01 
8 819.412 5,000 5. sa 7.02 6.51 
8,862.32 300 oy 17 5.44 4.99 
8,908.73 200 4, 5.94 5.12 4.71 
8,930.83 200 4, 6.02 5.25 4.74 
8,952 .254 1,000 5. 6.76 6.72 6.23 
8,981.05 100 4, 5.61 4.61 4.23 
8 ,987 .57 200 4. 5.82 5.00 4.55 
9 025.98 30 A, 5.25 4.38 3.87 
9,032.18 50 4, 5.36 4.69 4.14 
9,045 .446 400 5s 6.00 5.73 5.28 
9,096.13 50 4, 5.32 4.53 3.98 
9,152.12 20 4, 5.30 

9,162 .654 500 5. 6.93 6.94 | 6.39 
9,167.52 © 100 6.22 

9 ,203 . 20 30 4 5.67 4.88 4.36 
9,211.38 25 5.40 4.73 4.06 
9,301.95 30 5.46 4.73 4.20 
9,306.64 40 4 5.59 4.75 4.33 
9,374.76 100 4, 5.66 5.61 5.08 
9,412.01 60 4. 5.10 5.05 | 4.56 
9 445 .34 80 4, 5.86 5.31 4.77 
9,497 .07 40 4, 5.50 4.71 | 4.19 
9,513 .379 200 5. 6.30 5.91 5.41 
9,585.14 20 os Sane 4.27 3.77 
9 ,685 .32 150 5. 6.04 5.40 4.88 
9,700.99 20 4, 6.00 4.31 3.82 
9,718.16 100 5. 6.95 5.31 4.80 
9,799 .699 2,000 5. 6.78 7.00 6.49 
9 ,923 .192 3,000 6. 7.03 | -6.51 
10,023.72 50 4.49 4.85 4.39 
10,107 .34 80 

10 838.34 1,000 

11,742.26 90 

12 ,623 .32 300 

13 ,656. 48 150 

14,142.09 80 

14,732.38 200 

15,418.01 1:0 
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Fic. 7g-4. Photoelectric traces of the xenon spectrum, microwave discharges at 16 mm 
(upper traces) and 0.002 mm (lower traces). Wavelength range is 3,500-10,000 A. The 
16-mm trace shows the Xe I spectrum with the lines broadened. The strongest lines in 
the 0.002-mm trace are those for Xe IT. 
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Iron!I. The lines of the iron spectrum are extensively used as wavelength standards 
and may be used equally well as intensity standards. The traditional iron arc in air 
no longer satisfies the demands on accuracy and convenience because the lines are 
relatively broad, the wavelengths are not constant, and the arc cannot be made to burn 
steadily. A hollow-cathode discharge! with iron electrodes and neon at about 3 mm 
pressure is much superior. Microwave discharges? with volatile iron salts in a rare 
gas also give very sharp lines but are less suitable for providing intensity standards. 


1 Crosswhite, Dieke, and Legagneur, J. Opt. Soc. Am. 45, 270 (1955). 
2'W. F. Meggers and F. O. Westfall, J. Research Natl. Bur. Standards 44.447 (1950). 
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Accurate wavelengths measurements by several independent investigators are 
available for many iron lines, and these have been adopted as international secondary 
standards! (marked S in the table). Many other lines are unsuitable as standards 
because their wavelengths are not constant. These ordinarily come from high-lying 
excited states. | 

No such difficulties are encountered with the hollow-cathode discharge. At the 
present time, however, not enough measurements have been made to qualify any line 
as an international standard and there are some contradictory results. The values 
given in column dz may be considered accurate in general to better than 0.001. As 
there is a systematic shift between the wavelengths of the low-pressure discharges 
and those of the arc in air, the arc wavelengths should not. be used for the hollow- 
cathode discharge and vice versa. More and improved wavelengths for column dz 
may be expected in the near future. 

Explanation of Table 7g-6. COLUMN );: Wavelengths of the iron arc in air taken 
from the compilation of Russell and Moore.? S signifies international standard. 

COLUMN 2: Wavelengths of the hollow-cathode discharge: L, J. Blackie and T. 
Littlefield? measured with the reflecting echelon; H, measured at The Johns Hopkins 
University‘ with the Fabry-Pérot interferometer; W, Williams and Middleton® 
vacuum echelon. Values shown in parentheses have been obtained from the arc 
values Ai by applying the pressure correction. The remaining values in column )¢2 are 
taken from Johns Hopkins Spectroscopic Report No. 18 (1956). 

CLASSIFICATION: Standard L, S coupling notation? E’ energy of the upper state above 
the ground state in wavenumbers. For more accurate values, see Moore.® 

INTENSITY COLUMNS: log J2, quantitative intensities of a standard hollow-cathode 
discharge in neon at 3.5 mm pressure, current 90 ma.’ Values with three decimals are 
photoelectric measurements, those with two decimals photographic measurement with 
photoelectric calibration. Sensitivity calibration above 3,150 A, standard tungsten 
ribbon-filament lamp calibrated by the National Bureau of Standards; between 2,700 
and 3,150 A, indirect calibration through self-absorption behavior; below 2,700, 
extrapolated. The scale in the log J. column is the same as for neon and argon (ioe 
Table 7g-2). 

log J3, iron arc in air, current 1 amp, photographic measurements on arbitrary scale. 
Sensitivity correction as for J». 1, self-reversa] between 10 and 30 per cent; #, same, 
larger than 30 per cent. 

log J1, iron are in air, current 2.2 amp photoelectric measurement; otherwise same 
as I 3. 

log vA,, absolute line emissive power in units of microergs per second per excited 
atom. Derived from measurements of Crosswhite® except the values in parentheses, 
which are from measurements by King,® King and King,!° and Carter.!! 


1 Russell and Moore, Trans. Am. Phil. Soc. 34, 113 (1944); Trans. Intern. Astron. Union 
3, 186 (1928); 4, 234 (1932); 6, 79 (1938); 5, 84 (1935); 7, 146 (1949); 6, 80 (1938). 

2 Russell and Moore, loc. cit. (1944). 

3 J. Blackie and T. A. Littlefield, Proc. Roy. Soc. (London) 234, 398 (1956). 

4 Stanley and G. H. Dieke, J. Opt. Soc. Am. 45, 280 (1955). 

5 Williams and Middleton, Proc. Roy. Soc. (London) 172, 159 (1939). 

6 Moore, ‘‘Atomic Energy Levels,’ vol. II, 1952. 

7 Unpublished measurements by Crosswhite. 

8 Dissertation, The Johns Hopkins University, and unpublished data. 

© King, Astrophys. J. 95, 78 (1942). 

10 King and King, Astrophys. J. 87, 24 (1938). 

11 Carter, Phys. Rev. 76, 962 (1949). 
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TaBLeE 7g-6. THE Spectrum or Iron I 


Al de Classification E’ log I log I: log I4 log vAy 
2,408.045° | ........, a, v3De 49 ,243 4.44 
2,443.871 | .872 a5F’s 2345 47 , 835 4.36 
2,447.708 S | (.707) a5D, xP’, 40, 842 3.85 
2,457 .596 .5975 L a5F's vfs 47 ,606 5.09 
2, 462.645 .648 a5D, xP 40,594 5.08 
2,465.148 . 149 a5F’, v5 47,930 4.85 
2,468.878 .879 aSF’s wG's 47,420 4.86 
2,472,343 | ......... abl, 2G 47 ,812 4.87 

a5’, w5G' ¢ 47 , 363 

2,472.910 .895 a5Ds xziF 3 40,842 5.13 
2,473,156. (| siwesca cs a®D; y™Pr 40,422 5.00 
2,474.813 .814 a5, vSFs- 48,123 4.69 
2,479.775 .776 a5De xP’ 41,018 5.07 
2,483.270 .271 a®D, F's 40,257 5.75 
2,483.531 | ......... a5F’, v5’, 48,239 4.54 
2,484.186 | ......... a5D, oF, 41,131 4.97 
2, 486.372 a eee anne a5 Ds, y’Ps 40,207 4.90 
2,488.143 . 143 a5D; xP’, 40,594 5.59 
2,489.75) | ......... a5Do oF) 41,131 4.98 
2,490.642 644 abD2 z5Fy | 40,842 5.45 
2,491.155 .155 a5D; z5F’s 41,018 | 5.20 
2,496.532 533 a5F, wigs 47 ,420 4.78 
2,501.130 . 1326 L a5 Dy, z®Ds 39,970 5.03 
2,507.899 | ......... a5F’, wsGs, | 47,590 4.73 
2,510.833 835 a5D; |° x5De 40,231 5.04 
2,512.361 | ......... a5Ds y’Ps 40 , 207 4.63 
2,517.658 | ......... a5}, wiG, 47 ,693 4.58 
2,518. 100 .102 a5D: 25D, 40,405 4.92 
2, 522.848 849 a5D, 8D. 39 , 626 5.54 
2,524.290 293 a5D, z5Do 40,491 4.65 
2, 527.433. 4350 a5Dy 25D, 39,970 5.30 
2,529.134 .135 a5De z*De 40,231 4.86 
2,535.604 .608 a5 Do z6D, 40,405 4.60 
2,540.971 .9719 L a5D; x5D¢ 40,231 4.85 
2,542.101 | ......... b3F2 r3Gs 60,365 4.46 
2,543.920 | ......... b3F'3 3G 60,172 4.40 
2,545.977 .9789 L aD z®Ds 39,970 4.92 
2,549.612 .6140 L a5D; xD 39 , 626 4.87 
2,576.688 .6907 L a5F’s x5G's 45,726 4.50 
2,584.536 S .5364 L a5F’s x5Ge 45,608 5.17 
2,599.565 | ......... a5F', x5 45,833 4.50 
2,605.656 .657 a5F’s y>G's 45,295 3.86 
2,606 .826 .8270 L a5F’, 25G's 45,726 4.56 
2,612.771 .772 a5Ds y3D2 | 38,678 3.2 
2,623.532 | ......... alk’, 5G 45,833 4.65 
2,635.808 S .8096 L a5F’s 2G 45,914 4.48 
2,643 .997 .998 aSFy r5G's 45,965 4.32 
2,666.811 | ......... a5F’s vSDy | 44,415 4.45 
2,679.062 S .0622 L a5F’s wiF s 44,244 4.79 
2,689.212 S .21381 L a5F, |' y5D; 44,551 4.63 
2,699.107 S | (.105) a5F, viD, 44,415 4.20 
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TasLe 7g-6. THE Spectrum or Iron I (Continued) 


2 Classification log I log I: | log I. log vAy 
.5829 L a°F 3 .59 
.6555 L ar, | 44,244 29 

a'D, 36,767 — 
(b3F's) (57 ,641) 
abDs: 37 ,158 5: 
a5De | 37,410 4. 
aiF’s 43,500 4. 
a5F 4 43 ,923 4, 
a5Dy 37,410 4. 
aks 44,184 4. 
abDe 37,158 5. 
a®Do 37 ,410 4. 
a’ Ds | 36,767 | 5. 
a®Di | 37,158 4. 
a5F, | 44,184 4, 
a5F’s 43 ,923 4. 
a5F 4 43 ,500 4 4. 
a®F's 42,992 4 4, 
asFs | 42,912 4 4, 
alFs |. 42,784 5 A. 
ash, | 43,109 4 4. 
aiF, | 43 ,023 4. 4 
ar, |. 42,992 | 5. 4 
atk, 42,912 5. 4 
a5F, | 43,138 A, 4 
a5 Fs 43,109 | 4. 4 
a5 D4 35,379 3 4. 
abF, 43,023 4 4. 
a’D, 35,257 3 4. 
atl, 43,210 4 4, 
a5F’s 43,138 4 4, 
atF, 43,210 4 4. 2.72 
a5De 35,612 3 4. 1.00 
a*D; 35,259 3 4. 1.30 
aD, |. 34,782 3 4. 1.36 
a5Ds 34,329 4 4.55R | ..... (1.00) 
a5D; 34,547 20 — 5OR | ..... (1.12) 
ab Dy | 34,040 55R | ..... — (1.38) 
a>D» 34,692 82 .55R | ..... (1.06) 
a5D; 34,329 54R | ..... (1.48) 
a5D» | 84,547 52R | ..... (1. 42) 
a5Di 34,692 .55R | ..... (1.32) 
a5Dy 34,692 4. 54R | ..... (1.20) 
(a3G's). } (55, 430) . 
abD, 33,695 | k, wees (1.61) 
abD» |. 34,363 5b2R | ..... (1. 40) 
a5D; | 34,547. 
abD» 34,329 6R | ..... 1.7 
abDs | | 34,040 . Peet 1.3 
abDy 33,947 < 52R | ..... (1.11) 
a5Dy | 83,507 65R | ..... (1.52) 
a’ Di 34,362 | 3.26 SBE ul pets (0.51) 


a’F’, 40, 842 : : eee 
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TasBLe 7g-6. Toe Spectrum or Iron I (Continued) 


33,802 
34,363 
40,527 — 
45,295 
34,017 


41,018 
33,947 
- 84,122 
40,594 
41,131 


34,017 
40,842 
33 , 802 
33 ,096 
33, 507 


33 , 947 
52,431 
34,017 
41,018 
52,613 


52,769 
41,131 
33,802 
40 , 257 
45,428 


40,594 
41,018 
40,842 
33,507 
39,626 


33,096 | 
39 ,970 
40,231 
40,405 
40,491 


40,405 
39 , 626 
40,231 
39,970 
— 40,231 


39,970 
39 ,626 
51,570 
50,187 
31,805 


57 ,698 
53,722 
51,462 
51,229 
51,570 
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TaBLE 7g-6. Tue Spectrum or Iron I (Continued) 


M1 po eats OMe Classification E’ log I log Is log Is | log vA» 
3,160.658 S 659 elF's 51,192 3.33 3.73 4.06 3.02 
3,161.949 +948 e7Gs 50,968 3.08 3.56 3.766 2.83 
3,165.860 | ......... | e'Ga 51,335 2.87 3.24 3.543 | 2.55 
3;166.435 Re ore ®Da 52,213 3.08 3.44 3.772 2.87 
3,175.447 S | (.444) e7F's 51,192 3.44 3.77 4.072 3.07 
3,178.015 S | (.012) f'Ds 50,808 3.29 3.65 3.948 2.90 
3,180.223 Cncescnase eK 4 51,192 3.81 4.07 4.37r 3.36 
3,180.756 755 z23F2 32,134 3.79 3.73 3.81R | (0.41) 
$,182.970 978 | Ds 49,135 3.07 3.30 3.521 2.31 
3,184.896 S | .895. 23F; 31,805 4.29 4.15R | 3.97R (0.66) 
3,188.567 | ......05. Gs 50,704 3.06 3.31 3.81 2.54 
3,188.819 nei: Ge 51,370 3.48 3.58 3.95 2.93 
3,191.659 S 658 23D3 31,323 4.42 4.21R 4.00R (0.58) 
3,192.799 | ......... elF 2 51,331 3.57 3.86 4.06 

ae : (v3Hs) | (55,430) 
3,198.22. | ......... 23F'4 31,307 4.86 4.44R | 4.66R (0.71) 
3,196.930 S | (.927) eiF’s 50,833 4.41 4. 4r 4.67r 3.92 
3,196.977 | ......... z3Do 31,686 | ..... 4.1r | ..... (0.49) 
— 3,199.530 S eedietiat fiD, | 50,808 4.03 4.08 3.53 3.30 
pare - (23F 2) 39.1940 ls aes cl! caeeeee IC Soanee (0.33) 
3,200.475 S | (.472) eF s 51,149 | 3.97 4.09 4.407 3.35 
es tg ae e5S2 51,149 
8, 200.784 .784 2°Di 31,937 | 3.10 Bu22) fT wacaes (—0.19) 
3,205.400 S | (.397) eF 51,208 | 3.68 | 4.00 4.308 3.28 
3,209.297 | ...2-.ee 9°Gs 58,710 3.76 3.48 3.887 
: Ba g'Ds 53,801 
3271052380. (|. baxeoeeee Gs 50,704 3.56 3.64 4.05 2.84 
3,210.880 | ......... f'Di 51,048 | 3.65 3.89 4.25 3.13 
BOLE AST Ol! cds dao e5Se 51,149 3.0 9:34 | vekws 2.60 
S911, 683. VP asdemecy. g5Ge 58,002 3.81 3.56 4.11 3.74 
$,211.989 | ......... e7P, |, 50,475 3.2 4.13 4.65r 3.29 
3,214.044 | ......... g°Gs 58,271 4.38 4.07 4.78r 
. I’Ds 50,862 
aa f (e7P2) | (50,861) 
3, 214.396 395 23F's 31,805 4.39 4.07 | ..... (0.61) 
3.215.940 S | (.937) fiD2 ‘560,999 | 3.84 4.00 4.346 3.25 
3,217.380 S | (.377) $Ds | 50,423 3.75 3.87 4.162 3.04 
3 910580 2) cued aes f'Ds 50,808 3.93 4.12 4.41 3.35 
3,219.806 | ......... e'Ps 50,611 3.87 3.95 4.33 
| 7 (23D1) | (31,9387) 
3, 222.069 S | (.066) ) fDs | 50,378 4.58 4.52r 4.79R 3.89 
3,225.789 S | (.786) e'F 6 50,342 4.76 4.65R | 4.89R 4.17 
3.227.798 | ....-.--- fDi 50,534 4.04 4.11 4.48 3.30 
3, 229.123 121 z3D, | 31,937 3.70 3.62 | ..... (0. 22) 
S.0800210: i aceqa eae e'P2 50,861 3.32 B54, JN) calves 2.78 
3,230.963 | ......... f7D2 | 50,699 3.66 3.83 4.156 3.04 
3,233.053 [| ......... 2307 57,028 3.87 3.52 4.060 3.58 
3, 233.967 pee haat elPs 50,475 3.76 3.82 4.149 2.99 
3.234.614 612 z8Da 31,323 4.09 3.91 3.75 (0. 44) 
3,236.223 S | .222 z3F's 31,307 4.55 4.18 3.98r (0. 64) 
3,239.436 S | (.433) SDs 50,423 4.12 4.10 4.427 3.27 
3,244.190 S | (.187) IDs 50,378 4.22 4.07 4.368 3.24 
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TaBLE 7g-6. Tue Spectrum or Iron I (Continued) 


abd; 
abP2 
2z7D3 
63H; 
a5P3 


a5D2 
a5P; 
a5P2 
b?H. 
a5P2 


abP; 
a® Ds; 
a5P, 
a5P, 
abP2 


a5P; 
a? D2 
bsP2 
b? Hs 
a3G's 


atP2 
a?G's 
a3P2 
b3P) 
a3 P2 


b3H, 
a3G, 
a3Gs 
a3G's 
abP, 


aiG3 
a5P, 
a5P; 
a5P 
a5P, 


a5P 
a5F 
a5P2 
aSF’,4 
63H. 


a5P2 
a5P; 
a5P; 
a5P 2 
abP; 


a5P, 
a5P; 
abP, 
a5P; 
a5P2 


Classification 


z*De 
2®P} 
IDs; 
x3I¢ 
v§Fe 


28D; 
v§P2 
v§P, 
xT 
v'P2 


viPs 
u®F', 
v§P} 
v5F'e 
v'P3 


v§P2 
usF 3 
viP2 


ues 


u®Gs 


z®P2 
65 
v§P1 
81 
v5F's 


ue, 


u>Gs 
u's 
vtF'4 


wD 


u3Gs 
x®F 3 
le 

ze 


w*Ds 


u®Di 
y5P2 
weDe 
y®P 3 
ve 


z3F 3 
wsD1 


Fd ie 
wtDs 


u5Dy; 


u&Do 
wtDe 
u5D; 
y®P2 
y®P 


56,593 


“81,874 


47,197 
47,107 


47,093 


46 ,902 


E’ 


31,686 
48,516 
50, 534 
57,070 
48 , 239 


31,323 
48,163 
48, 290 
57 , 104 
48,163 


47,967 


48, 290 
48 , 239 
47 ,967 


48,163 
56,783 
52,916 
56 , 383 
51,668 


48 , 305 
51,630 
48 , 290 
52,858 
48 , 239 


56,423 
51,668 


47,136 


51,826 
47 ,093 
47 ,420 


47,177 
37,158 
47 ,136 
42,967 
55,490 


47 , 272 
46 , 889 
47 ,017 
47,177 


47,172 
47,136 
46,745 
46,727 
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Taste 7g-6. THE Spectrum or [ron I (Continued) 


AL Classification E’ log Iz log I: log 14 
3,427.121 S abP; u®Ds 46,721 4.57 4.63 4.61r 
3,428.192 akP, | wuSD2 46 , 889 3.98 4.06 4.127 
3,440.610 | a5D, ziPs 29,056 5.76 5.46R | 4.6R 
3,440.989 a5Ds 2P, | 29,469 | 5.39 5.22R | 4.5R | 
3,443.878 S a’D2 | 2Pi 29,733 5.02 4.89r | 4.32R 
3,445.151 S a5P2 u®Da 46,745 4.28 4.32 4.34r 
3, 450.328 a®Pi y3Pi | 46,902 3.75 3.93 3.922 
3,451.915 | aSP; | wubDe 46, 889 3.76 3.93 4.13 
3, 452.273 a's y F's 36, 686 3.69 4.14 | 4.18 
3,465.863 S a53D, | zPi (29,733 5.13 5.02r 4.36R 
3,475.450 aD. |. 25P2 29,469 5.32 5.18R | 4.48R 
3,476.704 S | a5 Do z5Pi 29,733 4.80 4.74r 4.32R 
3,490.575 S | (. a5D; | 2Ps 29 ,056 5.38 5.06R | 4.43R 
3,497.110 | a5P3 w5P; | 46,137 3.58 | 3.99 | 4.152 
3,497.843 S aD: | z5Pe 29,469 4.82 4.62r 4.30R 
3,513.820 S a5F’s 23Gs 35,379 4.55 4.48 4.48R 
3,521.264 S a’F, | z3Gs | 35,768 4.45 4.52 4.51 
3,526.039 a5 D2 Pz, | 29,056 | 4.65 \ ae 4.7R 
3,526. 167 asks 23G's 36,079 4.15 - 
3,533.201 ZF y eG: 51,540 | 3.96 3.98 4.20 
3,536.556 ziF, | e'Gs 51,461 4.15 4.15 4.425 
3, 541.083 ziFs | e?Gs | 51,229 4.34 4.29 | 4. 

3, 542.076 ziF; | e'Gs 51,335 4.29 4.24 | 4. 
3,554.122 a5F’3 25Ge 35,856 3.16 3.85 | 4. 
3,554.922 | | ziF, | e'Ge 50,968 4.29 | 4.53 4. 
3,556.877 214 fFs | 51,103. 4.22 4.10 4. 
3,558.518 S aF2 z3Gs_ 36,079 4.54 4.73 4. 
3,565.381 S. a®F; 2G. .| 35,768..| 4.98 5.22 4. 
3,570.100 | asf, | 23Gs | 35,379 5.13 | 5 51R} ie 
3,570. 248 zie | e’Gz . | 50,652. 4.91 | ..... ms 
3,571.995 ZF’ e'F’s 50,833 .| 3.94 | 8.87 |. 4. 
3,573.896 b3H, t3Gs 54,600 | 3.81 8.79 | 4. 
3,581.195 S a®F’s 25G'¢ 34,844 5.56 5.73R | 4. 
3,582.201 b8He 12, | 54,014 ASOD: We wewhs 4. 
3,584.663 S, a’Gs | y3Hs | 49,604 | 4.14 4.09 4.i 
3,585.320 S a5F’s 25G3 35,612 4.60 4.72 5. 
3,585.708 | a5F’, 26G, | 35,257 | 4.35 4.47 | 4. 
3,586.114 S_ b3Hs | tGs 53 ,983 4.40 4.02 | 4. 
3, 586.985 ak. z8G2 | 35,856 4.60 — 4.71 4. 
3,589.107 S. aSFs |. 23Gs | 34,782 | 3.66 4.11 | 4. 
3 ,594.632 ziF 4 f'Ds 50,808 | 3.91. 3.91 A. 
3,603. 205 aGs v3Gs 49,461 | 4.117 4.08 A, 
3,605. 450 ais y?H 49.727. | 4.386 4.22 | 4. 
(z7Fe) | (f'Ds)| 50,3878 | | 
3, 606.679 a3Gs yeHe 49,434 | 4.38 4.52 4. 
3,608.861 S a5F i 25Go 35,856 5.239 5.27r 4. 
3,610.159 ziFe | eiFe | 50,342 | 4.353 4.26 4. 
3,617.788 S c8P2 uD, | 51,969 4.137 4.01 | 4. 
3,618.769 S a5F'2 2G; | 35,612 | 5.364 5.35r | 4. 
3,621.463 S_ as y3Hs | 49,604 | 4.33. 4.30 | 4. 
a3Ga v3G's (49,851 | 4.16 4.11 4, 


3,622.001 
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TaBLy 7g-6. Tue Spectrum: or IRON I (Continued) 


M1 Ag Classification |: E’ | log I2 log Is log I4 | log vAyp 
3,623.187 | 186. | aHs | 2*He | 46,982° | 4.141 3.88 4.013 | 3.59 
3,631.464 S .4625 H aSF’s 26G4- | 35,257 5.441 | 5.38 4.85R (3.01) 
3,634.326 | .325 - 27P, eG; |. 51,219 |. 3.53 | ..... 3.83 ) 
3,638. 296 296 | a8Gs y3Hs | 49,727 |. 3.96 95 -| 4.15 3.60 
3,640.388 | .388 a*G4 viGs -| 49,461 :| 4.253 4.21 4.390 3.83 
3,;645.822 | .818 ~- | e8P, uD, } :52,512 3.56 | ..... 3.83 
3,647.844 S .8419 H | a5F4 5G, .| .34,782 5.411 5.30r 4.80R (2.91) 
3,649.304 | .301 a’D, |: 257, | 27,395 3.58 4.00 | ..... (0.13) 
3,649.508 S |. (.505) °~ a3Gs w3Fy | °49,109 4.397 4.23 3.44 
3,650.031 | .026 © 2’Ps e7S::. |. 51,570 | 3.54 4.05 3.95 

3.0 
3,650. 280 .278 atHs | 2z8Hs | 47,008 4.141 3.86 3.15 
3,651.469 S |. (.466) at's v3Ge. | 49,628 4.361 4,21 3.471 3.85 
3,659.516 516 © | at z3H4.:| 47,107 3.899 3.78 3.843 3.08 
3,669.523 S|. (.520) | acG, | wis | 49,243 4.101 3.95 4.19 3.54. 
3,676.314 S.|. (.311) ~ bF, | 239Gs:'.| 47,835 3.934 3.72 > | 3.844 3.11 
3,677.630 S | (.627) . - aG; | wiF2-|. 49,433 4.15 4.16 4.38 3.77 
3,679.915 S | .9128 H a5Dy |. 25F4. | 27,167 5.071 4.88r 4.36R 1.449 
3,682.226 | ......... a'D2 wiDe'| $5,754 4.175 3.97 4.260 4.45 
3,683.054 -|:......... ‘| abDs 25F2 | 27,560 3.945 3.89 |. 4.10R 0.496 
3,684.108 | .109 .-. at, v3D3 49,135 4.156 4.04 °|. 4.210 3:61 
3, 685.998 .995 27P. e'F’s 50, 833 4.01 4.00 4.22 3.80 
3,687.458 S | .4559 H ahs. | y5F4 34,040 | 4.663 5.11r 4.63R. 2.378 
3,689.457 - 457 27P4 fi Ds 50,808 | 3.876 3.97. 4.196 3.77 © 
b8P; wsP, | 50,043 . 
3,694.005 005 .| z’Ps | e7Ss | 51,570 4.11 4.16 4.333 | 4.06 
3,695.054 S | (.051) . b3F’s vF, | 47,930 4.014 3.80 3.998 3.20 
3,697.426 — 424 | 2iPy | .e8Ga. |. 51,219 3.485 | 3.73 | 3.837 3.58 
3,701.086 085 © | z’Ps .| ee | 51,192 4.10 4.11 4.330 3.96 
3,703.556 546 aiG,; weF, | 49,243 he rn 3.93 
3,704.463 S |. (.460) - | a8Gs |. yGs | 48,703 3.971 4.12 4.00 3.64 
3,705.567 S .5657 H | a5D; | 25F3 .| 27,395 5.249 4.04r -| 5.45R 1.698 
3,707 .048 .041 z’Ps | e™Fs | 51,149 | 3.79 {| 3.88 -| 4.040 | - 3.67 
3,707 . 824 .822 aD: | 25F, 27,666 | 4.17 
3,707 .918 .918 aP, | y5S2- | 44,512 | 4.42 } 4.56 4.65% 0.652 
 8,709.246 | .246 ° | aa | y5Fs | 34,329 4.758 5.00r 4.66R 2.540 
3,716.442 | .439 | 27Py.| e7Ps -| 50,611 3.877 3.87 4.083 | 3.65 
3,719,935 S| .9346 H. a’D, | 25Fs5 | 26,875 .| 5.954. 5.73R: | 4.76R: 2.541 
3,722.564 S |. .5627 H a’De | 25F2. 27,560 | 5.10 5.06r 4.45R 1.747 
3,724.380 S | (.377) :  a’Py .| 23Ds 45,221 4.04 3.99 | 4.162 3.03 . 
3,727.621 S$ |. .6174 W | aSFs.-| y8F2 | 34,547 4.69 4.97r 4.68R 2.543 
3,730.386 | .386 =|. a'@e--| wGs: | 51,826 3.64 weave | 8.804. 
3,732.399 S | (.396) ~ a5P, | y5Se .|. 44,512 | 4.29 4.22 ..| 4.48r 3.16. 
3,733.319 S .3163 H | a8Di° | 257, - | 27,666. |. 5.00 4.96r 4.46R 1.624 
3,734.867 S .8622 W | a®Fs:..} y8Fs-.| 33,695 .| 5.57 5.76R | 5.08R 3.475 
3,737.133 S |. .1817 H a5D;-| 25%, . |. 27,167 5.89 5.57R | 4.79R 2.408 
3,738.308 S | (.305) | b8Hs5. |: 206 -| 53,094 4.31 3.86 4.19 3.97 
3,743.364 | .362 | a'F2. | y5F,. | 34,692. | 4.58 4.77. | 4.75R 2.392 
3,745.561 561 a5D2, | 25F3..} 27,395 | 5.66 5.38R | 4.7R (2.20) 
3,745.901 | .900 | a5Dy | 25F1. |. 27,666 5.09. 4.96r | ...... (1.7) 
3;748.264 S | (.262) - a5D, | 25F2 | 27,560 5.41 5.19R | 4.61R 1.990 
5.43 5.57R | 4.98R 3.310 


3,749.487 S| (.485) | ata |. ye | 34,040 | 


1-96 ATOMIC AND MOLECULAR PHYSICS 
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1 re Classification E' log I2 | log Ts log Is | log vAy 
3,753.610 © | .610 a5P 3 w'D2 | 44,184. 3.75 3.92 4.134 2.82 
8,758.235 S° .2328 H a5F's . y5F 3 34,829 5.25 5.35r 4.90R 3.119 
3,760.052 S. .0492 H a3He 23I7 45,978 4.51 3.88 4.130 . 3.03. 
3,763.790 S .7888 H a5F'2 y5Fe 34 , 547 5.01 5.17r 4.81R 2.926 
3,765.542 S .5386 H b3 He nL ey 52,655 » 4.52 4,25 4.60r 4.31 
3,767.194 S | .1911 H abP ySF 1 34,692 - 4.75 5.03r 4.89R 2.785 
3,785.950 | ......6.- a3Hs | 2326 46 ,027 4,36 3.86 4.04 3.00 
3,786.678 .676 aery, 28Py | 34,556 3.91 3.86 | 3.93r (1.22) 
3,787 .883 S .8799 a5F, y Fe 34 , 547. 4.450 4.76 4.63R 2.290 
3,790.095 S .0926 H. a5 z8P, 34,363 4,345 4.22 4.32R (1.62) 
3,794.340 | ....... oe a®H, z3J5 - 46,1386 | 4.226 3.74 3.936 2.90 
3,795.004 S (.002) atF's y 5F’3 34,329 |} 4.580 4.89 4.69R 2.384 
3,797.517 S | (.514) b3 He  wiHe §2,431 4.091 4.01 | 4.344 | 4.03 
3,798.513 S| (.511) a5F’4 y F's 33,695 4.421 4.66 | 4.61R 2.028 
3,799.549 S 5471 a5F’s y F's 34,040 4.577 4.82 4.69R 2.806 
3,805.345 S .9425 H b3 Hs, y®ls ' §2,889 4.304 4.18 4.440 4.27 
3,806.697 | ......-.- bes | wes 52,613 3.945 3.98 4.24 4.03 

(b3F 3) (w*D2) 47,136 
3, 807.534 . 536 a5P, . w5De 44,184 3.59 3.90 4.076 2.80 
3,812.964 .9639 H a5F’s 23P2 33 , 947 4.784 4.70 4.68R (2.16) 
$,814.526 | .....2.... ask, 23P; 34,363. 3.74 3.80 3.90R (1.02) 
3,815.842 S | .8402 H a3F’, y3Ds3 38,175 5.291 5.19r 4.98R (3.36) 
3,820.428 .4253 H |. ask, y>Ds 33 ,096 5.444 5.36r 4.98R (3.13) 
3,821.181 .175 b3As y3l¢ 562,514 ADE OO! oh teas 4.48 
3,824.444 § .4440 H a5Da 25D3 26,140 5.357 5 .04r 4.65R 1.634 
3,825.884 S | .8809 H a5F’, y®Ds3 33 , 507 5.240 ~ §.42r 4.99R (2.98) 
3,827..825 S .8228 H asf’; yiD2 38,678 5.091 5.06r 4.96R (3.31) 
3,834.225 § .2219 H. abF’s y®De 33 , 802 4.973 5.11r 4.83R (2.81) 
3,839.259 S (. 256) alGs x'G4 50,614 4.114 3.98 4.15 3.76 
3,840.439 S (.437) - a5, ySDi 34,017 4.697 5.02r 4.72R (2.58) 
3,841.051 S .0481 H a3, ysDi 38 ,996 4.942 4.98 4.86R (3.19) 
3,843.259 S .2568 H alg, ziF 50 , 587 4.160 
3,846.803 S 8004 H a’ D3 t?D3 §2,213 3.938 3.95 4.22 3.94 
3,849.969 £9591 H | adFi y®Do 34,122 4.326 | 4.80 4.65R (2.34) 
3,850.820 S (.818) abl’, z3Po 33 ,947 4.083 4.25 4.34R (1.63) 
$,852.574 | ...--caes abP3 w5D,4 43 ,500 3.381 3.78 3.938 2.59 
3,856.373 S 714 A abDs z5Deo 26 , 340 5.365 |. 5.08r 4.25R 1.691 
3,859.214 211 ate y>Gs 45,295 AAT? OR. egies 4.31 
3,859.913 S | .9123 H ab'Ds z5D,4 25 ,900 5.978 | 5.52R 4.76R 2.244 
3, 865.526 S (.524) | ashy yS Di 34,017 . 4.250 © 4.72 4.64R (2.25) 
3,867.219 S .2157 H c3P2 wsP 2 50,817 3.801 3.82 4.004 3.62 
3,872.504 S .§006 H a5f’2 y>D2 33 , 802 4.366 4.77 4.63R (2. 24) 
3,873.763 S .7608 H | aHs y>Ga 45 ,428 4.158 3.91 4.11 2.97 
3,878.021 S (.019) abFs y>D3- 33,501 4.36 4.79 4.66R (2.24) 
3,878.575 S .5734 H a5De z5D1 26,479 5.257 5.00r 4.68R 1.694 
3,885.512 508  a8P1 x3De 45,282 | 3.57 | ..... 3.92 
3,886 .284 S .2829 H a5Ds3 25D3 26,140. 5.619 5.11r 4.60R 1.865 
3,887.051 S (.049) a5k’4 y>Ds 33 ,096 4.303 4.63 4.59R (2.05) 
3,888.517 S .5135 H a3F 2 y?D2 388,678 | 4.459 4.57 4.78R (2.70) 
3, 893.391 .390 b3G5 v3G5 49 ,461 3.71 3.80 4.04 3.42 
3,895.658 S .6563 H a5D 25Do 26 ,550 4 4.8lr 4.43R 1.266 
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TaBLe 7g-6. THe Spectrum or Iron I (Continued) 


de Classification _ E’ log I log Is log Is 


.8899 H a3G's w5G'e 47 ,363 2.54 
.009 a’F, | y5D2 | 33,802 | 3.33 } o:00. 3) 485 
.7077 H a5D» 25D» 26,340 | 5.112 4.99r 4.43R 
.9454 H a3, y®Ds 38,175 | 4.624 4.72 4.78R 
.898 b3G4 y*H. 49,727 3.20 3.60 3.794 
.4795 H a5D; | 2z5Di | 26,479 | 4.371 4.40 4.28R 
db iidermets 3 a3Gs 23Gs 47 ,834 3.02 
(.934) ads wsG2 | 47,831 3.51 3.55 3.669 
ere .. | b8He | 65 51,630 | 3.732 3.56 3.79 
(. 183) aSF’s y®Ds 33 , 507 3.19 3.94 4.01 
ere b3G; | v3Gs | 49,851 3.52 wee 3.87 
.2579 H a5Do z5Di 26,479 4.848 4.74r 4.34R 
9115 H | a8Dz | 25De 25,900 | 5.084 4.91r 4.42R 
batGat aes . | B8Po xP; 48,516 3.40 3.63 3.81 
.9204 H a5D, 25D 26,340 5.107 4.96 4.51R 
.2967 H a5D. | 25D; 26,140 5.161 5.00r 4.49R 
.8125 H b3P2 | v5Fe 48,239 3.41 3.62 3.764 
(.880) a5F, | y5De 33,096 2.91 3.66 3.66 
(.440) bP, | 23P2 | 48,305 | 3.14 3.54 3.688 
(.776) 6375 uGi 51,668 | 3.773 3.72 3.955 
.9526 H a5P, | 25Ps 42,860 3.804 3.92 3.996 
.1636 H atD yiD2 | 51,708 3.715 3.66 3.879 
.6015 H a3G's ztsH, | 47,008 3.680 3.59 3.802 
.6771 H a3G's z3H¢ 46,982 4.428 4.03 4.49 
(.063) a3F’, y3Ds; | 38,175 3.41 3.85 4.04r 
ieavasmwet 25D fF s 51,103 3.781 3.79 4.055 
(,420) _ b?H4 usa 51,826 3.07 3.59 3.836 
.2570 H a3, | y3F3 37,163 4.796 4.81 4.85R 
ealnente .. | @8Gs | 28s 46 ,889 3.54 3.64 3.865 
.7413 H a5P2 xP: 42,860 3.932 3.90 4.121 
.7712 H a3Gs 23H 47.107 3.593 3.55 3.686 
.9570 A a3G, xP, 47,197 3.677 3.72 3.880 
.3923 H a3Gs 23H. 47 ,008 4.300 4.10 4.290 
.052 | aGs uSD, | 46,721 3.613 3.78 3.981 
.2419 H a3F; y3Fe 37,521 4.591 4.64 4.76R 
.7130 H a5P, xSP» 42,860 3.772 3.78 3.994 
.5310 H a} Hs y'Hs 53,722 3.934 3.69 3.962 
.8665 H a3G, 23H 47,107 3.990 3.75 4.033 
.8141 H ey y*Fs | 36,686 5.565 5.39r 5.08R 
.4412 H bP; | y%Si 47 ,556 3.716 4.04 3.90 
.5949 H a3F 3 y®F's 37,163 5.247 5.20r 4.96R 
(.976) bP. 1s 47 ,420 3.686 3.49 3.66 
(.272) b3F's x*Ds 45,221 3.37 
Satie tvech ied 25D4 e’Ps 50,475 3.720 3.66 3.89 
.7374 H a3F2 y®F 2 37,521 5.114 4.99r 4.98R 
.6297 H 25D, fsDa 50,423 3.641 3.63 3.940 
.7378 H all's 23°F 4 31,307 3.627 3:38 3.279 
.4884 H b3P2 uSD, | 47,177 3.638 3.72 3.957 
.8020 H b3P; | w*Di 47 ,272 3.544 3.56 3.784 
(.446) b3P2 | w*D2 | 47,136 3.25 3.37 3.478 


TSN is 
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‘TABLE 7g-6.. THE Spectrum oF Iron I (Continued) 


“MM he Classification E’ | log Ia log Is | log Ia | log vAv 
4,118.549 S .5450 H z1I¢ 53,094 4 3.93 4.30 4.04 
4,120.211 .2065 H ziHs | 48,383 3. 3.30 3.393 2.76 
4:121.806 S | (.803) oP y 47,093. | 3. 3.34 | 3.420 2.64 
4,127.612 S .6087 H — wD, | 47,272 | 3 3.55, 3.81 2.86 
4,132.060 S | .0580 H . y3F; | 87,163 | 4 4.53 | 4.81R (2.58) 
4,132.903 . 899 w'D2 | 47,136 | 3. 3.63 3.86 2.92 
ae a (y3P2) | 37,158. 

4,134,681 S .6774 H w3Ds; | 47,017 | 8 3.86 4.17 | 3.16 
4,137.002 | .9978 H yD: | 51,708. | 3. 3.45 3.677 3.37 
4,143.418 | ......... yiGi | 48,703 | 4. BiO7 | wie | 3.50 
4,148.871 S | .8684 H y3F, | 36,686. | 4 4.70 4.86R | (2.68) 
4,147.673 S | .6691 H G3 | 36,079 | 3. 3.65 3.81 1.43 
4,149.372, | .3662 H  eGe |. 50,968 | 8. 3.31. 3.446 _ 3.14 
4,152,172 | (1697 H  28F, | 31,805 | 38. 3.33 | 3.26 0.52 
4,153.906 | ......... fF, | 51,462 | 3. 3.74 3.909 3.63 
4,154.502 —.499 ysP, | 46,902 ./ 8. 3.53 4,15 2.80. 
4,156.803 S | (.800) . uSD2. | 46,889 | 3. 3.76 4.064 3.03 
4,157 788 < ) vc gia eae fF; | 51,604 | 8. 3.57 | 3.726 3.48 
4,170.906 S | (.903) —@8P, | 48,3805 | 3. 3.40 | 3.575 2.88 
4,172.126 | ......... | w3P, | 50,187 | 38. 3.37. | 3.57 3.09 
4,172.749 | .743 2D2 | 31,686.| 3. 3.45 3.519 0.63 
4,174.917 911 z8Da 31,323 | 3. 3.48 | 3.452 0.60 
4,175.640 S | (.687) uSD. | 46,889 | 3. 3.74 4.004 3.01 
#VTOLDTL «aed oa we PFs | 51,1038 | 3. 3.49 3.638 3.33 

| | (e'F2) | 51,831 | | 

4,177.597 | .5936H 23F 4 31,307 | 3. 44 3.393 56 
4,181.758 | .7546H u®D; 46,745 4. 4.11 4.427 3.36 
4,184.895 S | .8918 H y3P2 | 46,727 | 38. 3.66 3.904 2.91 
4,187.044 | .041 _ e'D2. | 43,634 | 4. 4.12 ‘4. 48r 2.94 
4,187.802 | .798 e7D, | 43,435 | 4. 4.12 | 4.49r 2.92 
4,191.436 | .4301 H e'Di 43,764 | 3. 4.04 4.336 2.88 
4,195.337 | ......... eGs | 50,704 3. 3.63 3.80 3.42 
4,196.218 | ......... eGs | 51,219 3. 3.37 | 3.54 3.23 
4,198.310 | .3040 H e’D, .| 43,163 4. 4.11 4.4€r 2.87 
4,199.098 | .0952 H 2Hs | 55,526 | 4. 4.23 | 4.64r 4.69 
4,202.031 S | ..0286 H 2G, | 35,768 | 4. 4.66 | 4.81R (2.47) 
4,203.987 S | (.984) y®P2 46,727 a. 3.60 3.852 2.85 
4, 206.702 .6957 H ziP,; | 24,181 3. 3.35 } . 

4, 207.130 127 288, | 46,601 3. gi26 bi Rrae. | aU 
4,210.352 | .347 © e'tD, | 48,764 | 38. 3.86 4.124 2.70 
4,213.650 S | (.647) _ ysPo | . 46,673 | 3. 3.33, 3.425 2.57 
4,216.186 S | .1830 H ziP, | 23,711 4, 3.83 3.83r | (—0.16) 
AIT OS\: A hhewns he |  &G2 51,370 3. 3.51 3.698 3.38 
4,219.364 S | .3601 H _y8le | (52,514 4. 3.80 | 4.124 (3.92) 
4,222,219 .2132 H e'Ds | 48,435 3. 3.86 4.097 (2.63) 
4,224.176. | ......... eiFs | 50,833 3. 3.57 3.91 3.37 
4,225.460 | ......... 8G: 51,219 3. 3.55 3.756 3.41 
4, 227.434 4261 H eGe | 50,523 | 4. 4.15 4.520 (3. 86) 
4,930 595.) ade ews — v38G3«| 49,851 Be. Pe exe NN fometes (3. 55) 
4,932.7382 || cecaeda an  27P, | 24,507 B.023 ily Grew nr Yh) GoM (—1.18) 
4,233.608 | .6023 H e7D2 43,634 4. 4.06 4.42r (2.95) 
4,235.942 | .9365 7 e’D, | 43,163 4. 4.27 4.67r (3.17) 
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TaBLe 7g-6. THe Spectrum or Iron I (Continued) 


Ae Classification [| E’ log I log Is log Ia | log vAy 
8091 H 25F, e5G'4 50,980 © 3.661 3.81 - 3.982 (3.55) 
ad Chee BR a3Gs y7Gs (45,295 2.67 Lee -eeees | (—0.08) | 
2568 H b3P 9 238) 46,661 | 3.191 3.43 3.570 2:67 
4250 H 25F'¢ e5Gs 50,704. 3.749 3.75 4.008 - (3.50) 
Be Naeeiaeud nna c®P, xr3P 2 48,305 2.969 3.18 3.267 (3.17) 
etite Gods See z7De e’Ds 43,435 4.278 4.22 4.59r (3.01) 
(. 786) a3F 3 z4G3 36,079... 4.508 4.59. | 4.76R | = (2.45) 
3154 H atDo 2'P, - 24,181 ‘| 3.573 | ..... 2.99 (—0.92) 
.4737 H z’Ds e7Ds 42,816 | 4.894 4.62 " 4.95r (3.41) 
(. 826) cP o xP, 48,516 |. 3.14: 3.33 3.417. -. 2.82 
ree 27D; e'Ds 43,163 4.40 4.25 4.67r (3.12) 
7605 H at}, 2345" 35,379 © 5.088 4.96r | 4.95R (2.88) 
4031 H a5P3 z5S2 |. 40,895... 4.391 4.12 4.48r - (2.85) 
(.441) b3Hs |. yiHe 49,434 | 3.08 3.23 3.276 2.84 
4632 H atk; . £5Ge . 35,856 | 3.881 3.36 3.215 1.11 
a5Ds . z1Py Seer (5 weed, ll) meee WP ceed ce (—0.86) 
.1245 H atF4. 25Gq. 35,257 «| 4.148 4.35 '4.65R - (2.07) 
(.036) a'G, z*G's 47 ,835 8.313 3.23 3.255 2.62 
2343 H z7De | e’Ds (|..42,816. 4.394 4.23 4.66r (2.82) 
(0375) (y3Hs) | 49,604 
(.451) c3P2 y?Si- 47,556 3.20 3.29 3.344 2.65 
9019 H af; 23Q4 35,768 5.129 4.91r 4.93R (3.01) 
374 34's | 23.6 (46,982 3.524 3.44 3.60 2.73 
.0842 H a'Pe ' 2582 40,895. 4.212 4.03 4.31 2.48 
7620 H ate, |. 28G3 -| 86,079 { 5.181 4.96r 4.95R (3.06) 
(a&Da) | (27F 3) 23,111. 
Seer e ad alDe y'De 51,708 3.310 Sh aa 3.38 
0464 H at's. 25@’3 -35,612 ' 3.471 3.98 4.15r (1.59) 
eee ey Pe ab Dy 27F, -| .22,997.. |. 2.53 ie a weeee | (—1.16) 
7342 H a5P, 25S2 40,895 — 3.9 3.82 3.998 2.27 
5779 H 6344 22s -47,008 | 3:400 See” Te pao ee 2.61 
7716 A ai1G. . z21G4 47,453 | 3.910 3.55 3.699". - 2:90 
9295 H a5 Ds. . 2 Fs 22,846 — 4.945 4.04 4.11K%. -(0.11) 
5454 H a*F, | 25G's 34,782 «| 5.472 4.99r 5.08R (3.23) 
ee ee zP,. . e5P; ‘561,887 ©) 38.200 3.36 3.441 : 3.30 
(.950) b3Gs 23H, ‘47 ,107..) 3.217 3.20 3.110 2.50 
7508 H asf’, . z5G, 35 , 257 5.068 . 4.91 . 4.95R (2.93) 
(.415) a5P, - 25D 40,405 2:62 3.53 . 3.599 1.91 
1227 H atF, |. 25G3 | .35,612 |. 4.528 - 4.71 4.81R (2.45) 
5680 H -b3P, | z*Dy. (45,552 3.483 3.53 3.669 2.61 
.3098 H a5D; 2'F'4 23,193 4.823 . 3.99 4.08R (0.09) 
(.615) aSP; x'Do..| 40,491 2.67 3.57 ‘3.66 (0.80) 
piri teek 25P, ‘* e5P, | 52,020 | 3.12 3.25 3.328 3.22. 
(.340) a5’P; | 2z5De: “40,231 . 2.33 3.87 4.06 (2.25) 
(.193) b8Po > g8Dy, 45,552 .| 3.509 3.57 3.72 (3. 54) 
die tenes hess a5De z’F2.-'| 23,193 2.39 iia laters ee (—1.43) 
(.719) abP, z§D, | 40,405 3.017 3.78 3.958.}- (2.30) 
rae iaee c8P, |: y3Si1°'.-| 47,556 3.39: - rare, (3.92) 
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TABLE 72-6. THE Spectrum or Iron I (Continued) 


AL 2 Classification E’ log Ie log I; log Is | log vAy 
4,454.383 8 | (.379) b3P2 z*Ds 45 , 282 3.364 3.41 3.484 (2.84) 
4,459.121 S | (.118) a5P; 28D 39 ,970 3.24 3.89 4.072 | (2.47) 
4,461.6548 | .6528H | a5De |. 27Fs 23,111 4.576 3.94 3.88R | (—0.10) 
4,466.554S | .5506H | b3P2 z*Ds 45,221 4.057 3.93 4.164 | (—0.57) 

: (a5Di) | (2?Fo) Q3,2705 le Got OP eee he ay (—1.07) 
4,469.381 8747 H | 25P2 e5Ps 51,837 3.391 3.47 3.614 3.41 
4,476.021 | .0173H | bsP; 23D 45, 282 3.895 3.85 086 (2. 83) 
4,482.171 .1689 H aD. z1Fe 23,193 ‘ | 
4,482.257 | 253° asP, | z&De | 40,231 } 4.4 3.9 4.0 | (—0,36) 
4,489.741 S .7396 H | a*De z'F 23,245 3.741 B44 O fekas (+0.77) 
4,494.568 S 5632 H | a®Ps x®Ds 39,970 3.353 3.98 4.182 2.30 
4, 517.530 S| .526 cP, y*Pi 46,902 2.40 | ..... 2.724 : 
4,528.619S | .6187H | a'Ps xD, 39 ,626 3.747. | 4.17 4.46r | (2.74) 
4,531.152 S| .149 alF, y Fs 34,040 3.050 | ..... 3.804 (1.41) 
4,547.851 S-| 847 aD: | 2Fs 50,587 3.409 | ..... 3.425 : 
4,592.655 S | .652 atFs y F's 34,329 2.77 er 3.500 
4,602.9448 | .942 at, y SF's 33,695 | 3.123 | ..... 3.774 (1.48) 
4,647.487 S | .4338 H | BGs y*Gs 45,295 3.532 | ..... 3.473 
4,667.459 S | (.455) z5P, e'P, 50,475 3.231 | ..... 3.455 
4,678.852 S | (.848) z5P, Ds 50, 423 3,254 | ..... 3.556 
4,691.414S | (410. b3G4 ys 45,428 3.345 beats 3.330 
4,707.281 S | .277 © z5Ds esF’, 47 ,378 3.342 | ..... 3.525 
4,710.286 S |. .289 b3Gs y*Gs 45,563 3.26. > Al éc4cis 3.127 
4,733.596 S | .592 atk, y3D, | 33,096 ae a ee 3.025 
4,736.780 L717 25D e’Fs | 47,006 SiBIT 445.3 3.798 
4,741.533 S | .529 b8Ps w'Ds 43,923 2.44 | ...., 2.87 
4,748:806 S | (.802) z5Ps PDs 50 , 534 2.605 walle: 2.86 

y>Da IG: 54.161 
4,772.817 S | (,814) e3P 2 x3De 45 , 282 2.602 | ..... 2.84 
aF’; y®Ds 33,507 

4,786.810 S 807 Ps xD; 45,221 2.888 | ..... 3.161 
4,789.65439 | .650 a!De ziDe 49,477 3.415 | ..... 3.301 
4,859.748 S | .744 Z7F’s e7Di (43,764 3.654 | ..... 4.017 
4,871,323 8174 H | 2iPs e'Ds 43,634 4.096 | ..... 4.529 
4,872.144 .140 ZIP e'D: | 48,764 3.790 | ..... 4.207 
4,878.218 8 214 27Fe |. e™D1 43,764 3.527 | ..... 3.894 
4,890,762 758 21F’s e'Ds 43,634 4.049 | ..... 4.352 
4,891.496 4915 H | 27 | e7Ds | 48,485 | 4.404 | ..... 4.64r 
4,903.317S | .313 z’F e7D: | 43,634 3.5138 | ..... 3.852 
4,918.999 3 .996 z’F s e'Ds 43,435 4.178 |-..... 4.410 
4,920,509 | .5020H | 27Fs e™Ds 43,163 4.681 | ..... 4.80r 
4,924.776S | .772 a3P2 y*D2 | -88,678 2.75 | ..... 3.030 
4,938. 820 .816 ZF’ e7Ds | 43,485 | 3.4388 | ..... 3.74 
4,939,690 S | .687 asF’s z5F, | 27,167] 3.024 | ..... 3.350 
4,957,302 302 z’F 4 e’Ds 43,163 S.4f A cus 
4,957.603 .5956 H | 2zFs e'Ds 42,816 5.16 | ..... 5.0R 
4,966,096 S | .09837H |} 25Fs | eFs 47 ,005 3.400 | ..... | 3.614 
4,982,507 504 yD Ps 53,161 3.430 | ..... 3.714 


A 


4,994. 
5,001. 
5,006. 
5,012. 
5,014. 


5,041. 
5,049. 
5,051. 
5,079. 
5,083. 


5,110. 


5,123. 
5,127. 
5,133. 
5,150. 


5,166. 
5,167. 
5,168. 
5,171. 
5,191. 


5,192. 
5,194. 
5,198. 
5,202. 
5,204. 


5,216. 
§, 225. 
5,227. 
5,232. 
5,235. 


5,236. 
5,242. 
5,247. 
5,250. 
5,250. 


5,263. 
5, 266. 
5, 269. 
5,270. 
6,281. 


5, 283. 
5,302. 
5,307. 
5,324. 
5,328. 


IMPORTANT ATOMIC: SPECTRA |_ 


7-101 


TasLe 7g-6. THe Spectrum or Iron I (Continued) 


re Classification E’ log Ie log Isa log Is 


.129 a5F', zfs 27 ,395 FO acon 3.410 
.866 23F, esDs 51,294 3.861 | ..... 3.895 
.125 21F s e’Ds 42,816 4.051 seoctet 4.176 
.080 asf’, 25F_ | 26,875 3.791 | ..... 3.887 © 
.952 23F's e’D, 51,740 3.5388 | ..... 3.682 
.756 atk, zfs 31,806 4.241 | ...., 3.748 . 
.823 a3P» y?Ds 38,175 3.506 | ..... 3.979 
.636 aSF', 25F', 27,167 3.523 | ..... 3.690 
220 a®P2 y®Py 37,410 He Ce (ene 3.557 
341 aSF’, 25Fs 26,875 8.278 | ..... 3.492 
.4127 H a®Ds 27D, 19 , 562 4.238 | ..... 3.613 
(a'Hs) | (2!Hs) | 48,383 
721 ask, 25Fy 27 ,666 3.323 tease | 8.415 
361 ak, 25F's 26,875 3.002 | ..... 3.212. 
.6893 H y5F’s PGs 53,169 3.577 | ..... 3.786 
.840 a5Fs 2F, | 27,395 2.506 | ..... 3.322 
.2816 H a®D, | 27Ds 19,351 3.901 | ..... 3.190 
.4882 H atl’, z3Dy 31,323 5.387 | ..... 4.71R 
.8980 H a®D, z7Ds 19,757 3.926 | ...... 3.48, 
.5959 H aiF, 23F 4 31,307 4.651 | ..... '4,23R. 
.4539 H 27P, e’D 43,764 3.701 | ..... 4.080 . 
.3432 H 2’Ps e7Ds 43,435 3.914 ee 3.250 - 
.942 atF, | 2%Fs 31,805 4.275 ee 3. 88r 
.713 a5P; y®P2 37,158 | 2.39 | ..... 3.32 
.332 aSPs y>P, | 36,767 2.85 | ..... 3.725 
,5822 H | a5De 27D: 19,913 3.464 | ..... 2.86 
.2737 H atl’. 23Fs 32,134 4.171 | ..... 3.78 
531 a5D 27D1. | 20,020 2:90) |. eeeny |W) date 
.1880 H ask; 23Ds 31,686 5.02 panies 4.93 
.9404 H z’P. e7Ds | 42,816 4.486 | ..... 4.61r 
.387 b3F 3 x5Ds 39 ,970 2.73 | ..... 2.96 
oF 4 u8Ds 51,969 

Shag eBooks c8F 81 52,858 1.83 . 

.491 als 21H 48 ,383 3.20 | ..... 3.326 
.061 abDe z’Ds 19,757 |. 2.89 | ..... | LL... 
.216 a5Do 27D 20 ,020 ey 2 a ae en [ee 
.647 a®P: y®Ps 36,767 278 Ol wexss 3.402 
.3051 H 25D e®Ds 45 ,334 3.195 | ..... 3.60 
.5553 H 27P,: e7D, 43,163 4.033 | ..... 4.281 
.538 aS’, 25D, 25,900 5.058 | ..... 4.68r | 
.357 a’Fs 23Dy 31,937 4.914 | ..... | ..... 
.7899 H z7P2 e7Ds 43,435 3.477 | ..... 3.832 
.6208 H 25D e5D, 45,061 3.811 | ..... 4.045 
.2994 H 25D e®Ds» 45,335 3.423 | ..... 3.736 
.3607 H a3 Fs 2iFy 31,805 3.987) Shas 3.00 
.1787 H z5Da e®D, 44,677 4.182 | ..... 4.393 
.039 a’F', 25D 26,140 4.867 | ..... 4.70R 


log vAy 


(0.33) 


(—0.85) 


(—1.21) 
(1.67) 
(—1.03) 
(1. 25) 
(2, 64) 


(2,80) 
(0.96) 


(1, 26) 


“| (—1.34) 


(0,97) 
(— 1.78) 


(2.95) 


(— 2.00) 
(—1.93) 
(1.02) 


(3.26) 
(1.45) 
(1.48) 


(0.12) 
(3.07) 
(1.29) 
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TaBLE 7g-6. Tue Spectrum oF IRon I (Continued) 


Nt Ae Classification E' log Ie log Is | log vAy 
5,328.534 S .530 a3F’; z3Dy 31,323 4.507 4.20r (1.19) 
5,332.903. | .8990H aif, z3F'4 31,307 3.951 3.155 (0.25) 
5,339.935 | .9289 H | z§&De e®D; 45,061 3.874 3.846 
5,341.026 § .0239 H aif, z8De 31,686 4.65 4.00r (1.11) 
5,364.874 | ......... z5Ge e’H; -| 54,491 3.384 3.64 
5,367.470— .4674 H 2G eS, 54 , 237 3.564 3.79 
5,369.965_ .9624 H 25Ga es 53 , 874 3.725 3.91 
5,371.493 S'| .4895 H atk, z8D2 |. - 26,340 4.622 4.61R (1.10) 

Be (z3Ga) (e?Ga) 54,379 
5,383.374 . | ° .3692 H z5G's eb s 53 ,353 3.844 11 
5,397.131 S .1275 H a5F', 25D, 25,900 4.459 4.43R (0.81) 
5,404.144 | ......... 23Ga eH. 54,267 3.819 4.08 
5,405.778 S | .7747 H alk’, z5D, | 26,479 4.353 | 4.49R (0.86) 
5,424.072. | .0689 H Ge | e5H7 53 ,275 3.842 4.08 
5,429.699 S | .6966 H ab, z5Dy 26,140 4.414 4.48R (0.89) 
5,434.527 S .6240 H | a5Fi z5Do 26,550 4.048 4.28R (0.72) 
5,446.920 S .9171 H a5Fs z5De | 26,340 4.337 4.42R (0.82) 
5,455.613-S | .6096 A asF}. z6D 26,479 4,144 4.42R (0.72) 
5,497.519S | .5162 H | a5Fi z5De 26 ,340 3.374 3.60 
5,501.469'S | .4636 AH | aSFs 25D, 25,900 3.299 3.46 
5, 506.782 S .7788 H aSF2 25D, 26,140 | 3.494 3.68 
5,569.625 S | .6176H | 25F2 | eDi 45,509 3.541 3.807 
5,572.849 S .8421 H 25F's e&De 45 ,334 3.806 4.06 
5,586.763 S| .7557 H 28F 4 e'D, ‘| 45,061 4.074 4,43 
5,615.652 S |- .6486 H | 2Fs e’Da 44,677. | 4.262: 4.375 
5,624.549 S | -.5419 H | 25F2 | eDe 45,334. | 3.319 3.574 
5,658.826 S | .8158 H | 25Fs eeD;, | 45,061 3.22 3.597 
5 662.525 S | ......... yFs | g5Ds 51,351 3.661 3.241 
T1ISTS84 2 Bo dvcos y®Da eF, | 47,006 3.53 
7,445.776 9} wo... ee y®Fs | e'Fs 47 ,756 3.48 
7,495.088 | ......... ys | eF4 °| 47,378 3.53 
7,511.045 | ......... y F's ess 47 ,006 3.66 
7,586.044 | ......... z6Gg | es | 47,961 3.39 
7,780.586_ veceeeees | 23G8 esF'2 48,928 3.28 
7,937.166 | ......... z6G5 | e5Fs 47,378 | 4.040 
7,998.972 | ......... | -28G4 e5F's 47 ,756 3.26 
8,046.073 | ......... 25G's esF'2 48 ,532 3.36 
8,220.406 ‘"| ......... 25G'6 eoF's 47,006 3.69 
8,248.151 | ......... 25Gia eeF, | 47,378 3.34 
8,327 .063 teeeseses | @5Pe z§P, 29,773 3.61. 
8,331.941 | ......... 23G's e5F's 47 ,378. 3.11 
$,387.781 | eschews a5P; z5P» 29 ,469 3.79 
8,661.908 | ......... a5P; z5P» 29 ,469 3.75 
8, 688.633 eeeeeeas | @5Ps z5Pys 29 ,056 4.161 
3.76 


8,824.227 | .....:... a5P; 25P3 29 , 056 
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Mercury 1. This spectrum is very useful because of the ease with which it can be 
obtained. Any low-pressure mercury tube gives sharp lines; for example, a com- 
mercial so-called bactericidal lamp is suitable. High-pressure lamps give broader 
lines and very-high-pressure lamps (commercial type H6) acontinuousspectrum. The 
mercury spectrum is useful as a general reference spectrum. Under high dispersion 
most lines show elaborate isotopic and hyperfine structure because there are six isO- 
topes with considerable abundance: 198 (10.1 per cent), 199 (17.0 per cent), 200 (23.3 
per cent), 201 (13.2 per cent), 202 (29.6 per cent), 204 (6.7 per cent). The two odd 
ones have lines with hyperfine structure. The structure of the lines is sometimes use- 
ful for obtaining the resolving power of spectrographs (for details of structure, see 
Schiler and Burns and Adams!). An example is shown in Fig. 7g-6. 
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Fie. 7g-6. High-dispersion photoelectric trace of the 5,461-A line of ordinary mercury 
showing isotope and hyperfine structure. Resolving power was 400,000. 


Pure Hg’ can be obtained by irradiation of gold with neutrons. Lamps with this 
isotope are now commercially available and the spectrum shows very sharp single lines. 
Meggers has proposed to adopt the wavelength of the green line (5,461) of Hg? as a 
primary standard of length. International adoption of this proposal, however, awaits 
investigation of the variability of the wavelength with discharge conditions. In 
the meantime most of the strong lines of Hg’, particulary those marked § in Table 
7g-7, may be used as standards for interferometric wavelength measurements. 

Hig?0? is the most abundant isotope in natural mercury. Tubes with nearly pure 
Hg?° are also available.and their wavelengths may also be used as standards. 


Table 7g-7 gives the. wavelengths of natural mercury, Hg? and Hg?°?, All valves _ 


listed between 2,300 and 6,900 A are recent interferometric wavelengths; those out- 
side this interval are known with much less accuracy. | 


1 Schiller and Keyston, Z. Physik 72, 423 (1931); Schiller and Jones, Z. Physik 79, 631 
(1932); Burns and Adams, J. Opt. Soc. Am. 42, 716 (1952). 
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TaBLE 7g-7. THe SpecTRUM OF Mercury I 


Classification| A (Hg nat.) \ Hg198 A Hg? log I 
61S GP i? WA02 12. Oo). -caeveuy eb de. i), aeorens (4) 
61S OP? i, 849252. (00d nc nwakee etna, f° pees (20) 
61S TPs) 2,296.97 OO) searovewstes |) Ss sane | 
63P, | 1038S 2 ,345.433 O 45.4400 45.4369 5.33 
63P 83D,| 2,378.316 O 78.3246 78.3224 6.60 
63P, | 103S 2 , 446.895 46.8998 46.8974 4.44 
6°P 9 93S 2 464.057 64 .0636 64.0614 4.31 
63P, 8°De| 2,481.996 81.9993 81.9971 5.43 
63P, | 88Di| 2,482.710 82.7131 82.7112 4.94 
63P, | 8'D2| 2,483.815 83.8215 83.8196 5.23 
63P 73D,| 2,534.764 34.7691 34.7662 6.35 
61S 63P; | 2,536.517 36.5063 36.5277 8.95 
63P, OES ie ko he ats 63.8610 63 .8584 

63P, | 93S | 2,576.285 76.2904 76.2882 5.00 
63P, 73D2| 2,652 .039 52.0425 52.0399 6.20 
68P, | 73Di| 2,653.679 53 .6827 53.6809 6.75 
6§P, “UD 2 ,655 . 127 55.1305 55.1284 5.63 
63P, | 93D3| 2,698.828 98 .8314 98 .8293 5.35 
683P,) | 83S | 2,752.778 52.7828 52.7801 5.58 
63P, | 1083S | 2,759.706 59.7103 59.7077 4.0 
63P»2 83D;| 2,803.465 03 .4706 03.4678 5.25 
6°P» 83De| 2,804.434 04.4378 04.4357 4.56 
63P» 83D,| 2,805.344 05.347 05.3474 3.49 
63P» 81D | 2,806.759 06.765 06.7630 3.52 
63P, | 8S | 2,856.935 56.9389 56.9357 4.30 
63P, | 88S | 2,893.594 93 .5982 93 .5952 5.88 
6°P» 93S 2,925. 410 25.4135 25.4104 4.82 
6°P 63D,| 2,967.280 67 .2832 67.2819 6.52 
63P 61D | 2,967.543 

6°P» 73D3| 3,021.498 21.4996 21.4973 6.09 
63P. 73D2| 3,023.475 23 .4764 23.4739 5.45 
63P 2 73D;| 3,025.606 25 .6080 25.6056 4.43 
68P. | 71D | 3,027.487 27 .4896 27.4874 4.76 
68P, | 63De2| 3,125.6681 25.6698 25.6675 6.62 
63P, 63D,| 3,131.5485 31.5513 31.5480 6.48 
63P, 61D 3,131.8391 31.8423 31.8394 6.56 
63P 2 83S 3,341 .4766 41.4814 41.4766 5.85 
63P» 63D;| 3,650.1533 50 .1564* 50.1532 6.94 
63P 2 63D2| 3,654.8363 54.8392 54.8361 6.51 
63P» 63D,| 3,662.879 62 .8826 62.8801 5.70 
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TaBLE 7g-7. Toe Spectrum or Mercury I (Continued) 


[ Classification| (Hg nat.) A Hg198 A Hg?e2 log I 


6°P2 | 61D | 3,663.2793 63 .2808 63.2778 6.35 


6'P | 9D | 3,704.1655 04.1698 04.1712 | 3.94 
6P | 81D | 3,906.371 06.3715 06.3715 | 4.56 
6°Py | 73S | 4,046.5630 46 .5712* 46.5619 | 7.09 
63P, | 718 | 4,077.8314 77.8379 77.8284 | 6.00 
61P | 918 | 4.108.054 08.0574 08.0572 

6P | 73D2| 4,339.2232 39.2244 39.2251 | 4.74 
6P | 71D | 4,347.4945 47.4958 47.4967 | 5.17 
6°P, | 738 | 4,358.3277 58 .3372* 58.3257 | 7.07 
61P | 818 | 4,916.068 16.0681 16.0677 | 4.35 
6°P, | 738 | 5,460.7348 60.7532 S | 60.7355 | 6.76 
61P, | 63D2| 5,769.5982 69.5985 S | 69.6000 | 6.02 
61P, | 63D,| 5,789.664 89.669 89.671 4.41 
6'P | 6'D2| 5,790.6630 90.6629 S | 90.6648 | 5.97 
7S | SP] oo. 6,072.7128 72.6260 

78 |} OP] oo. 6, 234.4020 34.3776 

78 | BP] oo. 6,716. 4289 16.3253 

738 | 83P.| 6,907.52 0 07.4612 07.4675 


738 | 88P,! 7,082.01 0 
728 | 8P,| 7,092.200 


OP | 7S |10,189.750 | ............ | 0. 6.20 
7S 7P2{11,287.040 | ............ Saleh eR 5.98 
aS MP 118,570.700 | ............ | ooo. 5.36 
73S @P,|18,673.090 | ............ } 000. 5.53 
73S Po|18,950.750 | ............ | 2.0... 5.26 

15,295.250 | oo... |... 5.78 


61D OIF | 16,918.3 O 


7®P2 | 73D3| 16,920.97 O 


69D | 54F2/16,942.330 | ............ | 2. 4.72 
7P2 | 7D /17,072.670 | ............ |... 4.90 
63D. | 537;/17,109.570 | ........._.. mee 4.74 


63D; | 53°F, | 17,202.08 O 
7®Po | 83S | 22,499.29 0 
MP, | 838 |23,253.470 | ......... ore ba Be eat 4.49 
7P. | 83S | 36,261 O 
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Values obtained by Blank! for Hg}** are 3,650.1569, 4,046.5716, and 4,358.3376. 

Intensities are rough photoelectric values obtained at The Johns Hopkins Uni- 
versity with a low-pressure neon-mercury discharge. The scale is the same as for 
neon (Table 7g-2). Intensities may be considerably different for other discharge - 
conditions. 


Mercury Tube 


* gl aurea Se eee t 
6.0 os eae el os a ee ee, 
2S 2 8 BRR 3 e2 
g 3 8 3 ESS 2 8 S 
7.0 
6.0 | | 
pee et | 
5.0. 
ae a | eee ee 
40 ——_ J iS 
w w w w w : 
= 2 33 gs 
70 . ole 
5.0 fn 
6. | See | 
, | SRG cee 
B 3  £ gg 
& a ps 3s 


Notes on Table 7g-7. All wavelengths are interferometric values by Burns,’ except 
where otherwise noted. | 

Those marked O (natural mercury) are older values, sometimes of questionable 
accuracy. The values of Hg}? marked by * or S are averages, the latter proposed for 
international standards. | 


1 Blank, J. Opt. Soc. Am. 40, 345 (1950). 
2 Burns, Adams, and Longwell, J. Opt. Soc. Am. 40, 339 (1950); Burns and Adams, 
J. Opt. Soc. Am. 42, 56 (1952); 42, 716 (1952). 


7h. Data on Characteristic X-ray Spectra 


X-ray wavelengths have been measured in two kinds of units. The older measure- 
ments are given in X units (XU) which are based on the effective lattice constant of 
rock salt being 2,814.00 XU. More recently X-ray wavelengths have been directly 
connected, through measurements with ruled gratings, to the wavelengths in the 
optical region and through them to the standard meter. It turned out that the XU 
which was originally intended as 10-11 em was 0.202 per cent larger than this value. 
It has become customary to give X-ray wavelengths in Angstrom units (A) when the 
absolute scale is used (1 A = 10-8cm). The two are related by : 


1,000 XU = (1.00202 + 0.00003) A 


and wavelengths given in XU must be multiplied by 1.00202 and then divided by 
1,000 in order to convert them into Angstrom units. . | En 

In the following tables the wavelengths are in general expressed in XU/1,000 and 
should be multiplied by the conversion factor, therefore, in order to convert them to 
absolute Angstroms. : 


The terminology of X-ray levels and lines is shown in Fig. 7h-1. 
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LEVEL DESIGNATION 
BY QUANTUM NUMBERS 


OPTICAL 
| SYMBOLS 


n 
---0--4- --’s, 


2-- 0-----2?8% 


Ly : 
ct ICR aaa SAE 
ie het a 21 2Py 
Hh [Pelee 
Vella es 
My iB ee —3;, 
Mr Le = s--1--y2 stp, 
Mir nn ARSUTAONTAIUNONUHUIATUGERIUIBGS33 “3--1- 24 —- _38Ps, 
My THLCOmASUECSUUAAREAUUUELEMERUUUOUANS GGG a 3--2--4" 3?Py : 
My LERUASRREEREEO MOG GUDO MRR TNGCROR DDN RUNITOCLEU Ub akcons Samm ~3_-2_ "5, -—38Ds, 
NaN tet Tee Bio eae 
N Tit ett eee Bee SPA gp 
nm 11 6 0S LAL ate S e aeoy, OP 
Dl ge eT Ht 4-- 28° pp eaeD 
N th ht Tees Gg og, 8 ge % 
Net ttt hae 3 ey, Og 
COI LL h ae 2 
on 7 21 A oh 1 AE MIT eo csc sip 
1 aa aaa 35'S > oop 
Om ft a Tar 59-52 342 ep Z 8 Pm 
Oy 2% ff oii 35 2 25, 52 De, 
Pp PL i ¥ ee ey % apy e'Sy, 
bil Por ee DEAT Ta Se Ba Se ~6--I i-% 2 if Ges 62 3 
2 


Fia. 7h-1. Energy-level diagrams of X-ray spectra. 
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TaBLe 7h-1. WavELENGTHS or K Series LINES REPRESENTING TRANSITIONS 
IN THE ORDINARY X-RAY ENERGY-LEVEL D1aAGRAM ALLOWED BY THE 
SELECTION PRINCIPLES* 


DATA ON CHARACTERISTIC X-RAY SPECTRA 


Siegbahn 


Kaze KBe 
Sommerfeld Ka’ KBs KB Ky | 
transition K-Ly K-Ly K-My K-Min K-Luy Ni 

4 Be 115.7 

5B 67.71 

6C 44.54 

TN 31.557 

8 O 23 . 567 

9F 18.275 
11 Na 11.885 11.594 
12 Mg 9.869 9.539 
13 Al | 8.3205 7.965 
14 Si 7.11106 6.7545 © 
15P 6.1425 5.7921 
168 5.3637 5.3613 5.0211 
17 Cl 4.7212 4.7182 4.3942 
19 K 3.73707 3.73368 3.4468 
20 Ca 3.35495 3.35169 3.0834 
21 Sc 3.02840 3.02503 2.7739 
22 Ti 2.74681 2.74317 2.5090 
23 V 2.50213 2.49835 2.2797 
24 Cr 2.28891 2.28503 2.0806 
25 Mn 2.10149 2.09751 1.90620 
26 Fe 1.936012 1.932076 1.753013 
27 Co 1.78919 1.78529 1.61744 
28 Ni 1.65835 1.65450 1.47905 1.48561 
29 Cu 1.541232 1.537395 1.38935 1.37824 
30 Zn 1.43603 1.43217 1.29255 1.28107 
31 Ga 1.34087 1.33715 1.20520 1.1938 
32 Ge 1.25521 1.25130 1.12671 1.11459 
33 As 1.17743 1.17344 1.05510 1.04281 
34 Se 1.10652 1.10248 0.99013 0.97791 
35 Br 1.04166 1.03759 0.93087 0.91853 
36 Kr 0.9821 0.9781 0.8767 ' 0.8643 
37 Rb 0.92776 — 0.92364 0.82749 0.82696 0.81476 
38 Sr 0.87761 0.87345 0.78183 0.78130 0.76921 
39 Y 0.83132 0.82712 0.73972 0.73919 0.72713 
40 Zr 0.78851 0.78430 0.70083 0.70028 0.68850 
41 Nb 0.74889 0.74465 0.66496 0.66438 0.65280 
42 Mo 0.712105 0.707831 0.631543 0.630978 0.619698 
43 Te 0.675 0.672 0.601 
44 Ru 0.64606 0.64174 0.57193 0.57131 0.56051 
45 Rh 0.61637 0.61202 0.54509 0.54449 0.53396 
46 Pd 0.58863 0.58427 0.52009 0.51947 0.50918 
47 Ag 0.56267 0.55828 0.49665 0.49601 0.48603 
48 Cd 0.53832 0.53390 0.47471 0.47408 0.46420 
49 In 0.51548 0.51106 0.45423 0.45358 0.44408 
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TaBLe 7h-1. WAVELENGTHS OF K Series Lines REPRESENTING TRANSITIONS 
IN THE ORDINARY X-RAY ENERGY-LEVEL DiaAGRAM ALLOWED BY THE 
SELECTION PRINCIPLES* (Continued) 


Siegbahn Kaz Ka, Kg KB, KBe 
Sommerfeld Ka Ke KB; Kp: Ky 
transition K-Lyy K-Lint ; K-M II K-M III K-Ly,N Il 
50 Sn 0.49402 0.48957 0.438495 0.43430 0.42499 
51 Sb 0.47387 0.46931 0.41623 0.40710 
52 Te 0.45491 0.45037 0.39926 0.39037 
53 I 0.43703 0.43249 0.38292 » 0.38315 0.37471 
54 Xe 0.417 0.360 
55 Cs 0.40411 0.39959 0.35436 0.35360 0.34516 
56 Ba 0.38899 0.38443 0.34089 0.34022 0.33222 
57 La 0.37466 0.37004 0.32809 . 0.32726 0.31966 
58 Ce 0.36110 0.35647 0.31572 0.31501 0.30770 
59 Pr 0.34805 0.34340 0.30439 0.30360 0.29625 
60 Nd 0.33595 © 0.33125 0.29351 0.29275 0.28573 
62 Sm 0.31302 © 0.30833 0.27325 0.27250 0.26575 
63 Eu 0.30265 0.29790 0.26386 0.26307 0.25645 
64 Gd 0.29261 | 0.28782 0.25471 0.25394 0.24762 
65 Tb 0.28286 0.27820 0.24629 0.24551 0.23912 
66 Dy 0.27375 0.26903 0.23787 0.23710 0.23128 
67 Ho 0.26499 0.26030 a 7 . 
68 Er 0.25664 0.25197 0.22300 0.22215. 0.21671 
69 Tm 0.24861 - 0.24387 0.21558 0.21487 
70 Yb 0.24098 © 0.23628 0.20916 0.20834 0.20322 
71 Lu 0.23358 0.2282 0.20252 0.20171 0.19649 
72 Hf 0.22653 0.22173 0.19583 0.19515 0.19042 
73 Ta | 0.21973 0.21488 a 0.18991 0.18452 
74 W 0.21337 0.20856 0.18475 0.18397 0.17906 
76 Os 0.20131 0.19645 0.17361 0.16875 
77 Ir 0.19550 0.19065 0.16850 0.16376 
78 Pt. 0.19004 - 0.18223 0.16370 0.15887 
79 Au 0.18483 0.17996 0.15902 0.15426 
81 Tl 0.17466 0.16980 0.15011 0.14539 
82 Pb — 0.17004 |‘ 0.16516 0.14606 0.14125 
83 Bi 0.16525 0.16041 0.14205 » 0.13621 
0.13095— 0.12640 0.11187 0.10842 
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* From ‘Smithsonian Physical Tables,” and A. H. Compton, and S. K., Allison, ““X-rays in Theory 
and. Experiment,” D. Van Nostrand Company, Inc., Princeton, N. J., 1935. 
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TaBLe 7h-2, WavELENGTHS OF THE MORE PROMINENT L Group LINEs* 


A 


- Siegbahn ae : ay : Bi l 7 
Sommerfeld a’ a B € n 
transition Lun—M iv Lin—-My Ly-My. Lyuy-My, Ly-M, 
HOS whi 0 eek. 2 A? ee ene 83.75 
20 Ca 36.27 Da ane 40.90 
21 Se. 31.37 Tt ee ee er 35.71 
22 Ti PDE BE ep be a tas 31.33 
23 V ee rr ee 27.70 | as 
24 Cr 21.53 21.19 23 . 84 23.28 
25 Mn — 3 19.40 —=«-19.04 22 .34 
26 Fe . 17.57 17.23 20.09 19.76 
27 Co 15.93 1 15.63 18.25 17.86 © 
28 Ni 14.53 14.25 16.66 16.28 
29. Cu 13 .306 13.027 15.26 14.87 
30 Zn 12.229 11.960 13.97 13.61 
31 Ga 11.27 11.01 12.89 12.56 
32 Ge 10.415 10.153 11.922 11.587 
33 As 9.652 9.395 11.048 10.711 
. 84 Se . 8.972 8.718 10.272 9.939 
35 Br 8.358 8.109 9.564 9.235 
37 Rb 7.3027 , 
38 Sr 6.8486 . 6.610. 7.822 7.506 
39 Y 6.4357 6.2039 Po Mee 7.0310 
Bo v1 
Y 6 


40 Zr / 6.057 5.8236 5.5742 5.3738 
41 Nb 5.718 5.7120 5.4803 5.2260 5.0248 
42 Mo 5.401 5.3950 5.1665 4.9100 

44 Ru 4.8437 4.8357 4.6110 4.3619 4.1728 
45 Rh 4.5956 4.5878 4.3640 4.1221 3.9357 
46 Pd 4.3666 4.3585 4.1373. 3.9007 3.7164 
47 Ag 4.1538 4.1456 3.9266 3.6938 3.5149 
48 Cd. 3.9564 3.9478 3.7301 3.5064 3.3280 
49 In 3.7724 3.7637 3.5478 3.3312 3.1553 
50 Sn 3.60151 3.59257 3.3779 3.16861 2.99494 
51 Sb 3.4408 3.4318 3.2184 3.0166 2.8451 
52 Te 3.2910 3.2820 3.0700 2.8761 2.7065 
53 I 3.1509 3.1417 2.9309 2.7461 — 2.5775 
55 Cs 2.8956 2.8861 2.6778 2.5064 2.3425 
56 Ba 2.7790 2.7696 2.5622 2.3993 2.2366 
57 La 2.6689 2.6597 2.4533 2.2980 2.1372 
58 Ce 2.5651 2.5560 2.3510 2.2041 2.0443 
59 Pr 2.4676 2.4577 2.2539 2.1148 1.9568 
60 Nd 2.3756 2.3653 2.1622 2.0314 1.8738 
62 Sm 2.2057 2.1950 1.9936 1.8781 1.7231 
63 Eu 2.1273 2.1163 1.9163 1.8082 1.6543 
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TaBLE 7h-2. WAVELENGTHS OF THE MORE PROMINENT L GROUP 
Lines* (Continued) 


i 


Siegbahn ae 


nr | RR | 


Sommerfeld ar’ 

transition Lin1-Miv 
64 Gd 2.0526 
65 Tb 1.9823 
66 Dy 1.9156 
67 Ho 1.8521 
68 Er 1.79202 
69 Tm 1.7339 
70 Yb 1.67942 
71 Lu 1.6270 
72 Hi 1.57704 
73 Ta 1.52978 
74 W 1.48438 
75 Re 1.4410 
76 Os 1.39866 
77 Ir 1.3598 
78 Pt 1.32155 
79 Au 1.28502 
80 Hg 1.24951 
81 Tl 1.21626 
82 Pb 1.18408 
83 Bi 1.15301 
90 Th 0.96585 
91 Pa ~ 0.9427 
92 U 0.92062 


DOOR KB eR RP eB eB Be Be Ree RP eR Re Re re re eR bb 


* From ‘Smithsonian Physical Tables.”’ 


Bi l u) 

B | € n 
Iu-My Liu-M Iu-M 
1.8425 1.7419 1.5886 
1.7727 1.6790 1.5266 
1.7066 1.6198 1.4697 
1.6435 1.5637 1.4142 
1.58409 1.51094 1.3611 
1.5268 1.4602 1.3127 
1.4725 1.41261 1.26512 
1.42067 1.36731 1.21974 
1.3711 1.3235 1.1765 
1.32423 1.28190 1.13558 
1.27917 1.24203 1.09630 
1.23603 1.2041 1.0587 
1.19490 1.16884 1.02296 
1.15540 1.13297 0.98876 
1.11758 1.09974 0.95599 
1.08128 1.06801 0.92461 
1.04652 1.03770 0.8946 
1.01299 1.00822 0.86571 
0.98083 0.98083 0.83801 
0.95002 0.95324 0.81143 
0.76356 0.79192 0.65176 
0.7407 0.7721 0.6325 
0.71851 0.75307 0.61359 
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TABLE 7h-3. WAvELENGTHS or M Series Lines From 73 Ta to 92 U* 


Transi- '73 pai74 WI75 Rel76 Osl77 Ir| 78 Pt 179 Aulg1 TI82 Pbi83 Bil90 Thi92 U 


tion 
MyO1w WPA e te 8 aS cay Sg Nous, coe caue Seed gs We reece | va ae as By Se ce Ce Ce Ce 2 613)2 
MiNyy |..... Deh OSl tied a ha testes ets 4.451 |4.291/4.005/3 . 8641/3 . 732/2 .938/2 
MiuMiy |5.558/5.342)..... 4.94414 .770/4.590 |4.424/4.110/3 .964/3 . 829/13 .006/2 
MipqOe” Asc an 8) pitied sees eS es 4.859/4.682 |4.514/4.207/4.063/3 .926/3. 124/2 
MynO0; |..... Og ie ee baci ord Soe Wane l ened eta ate 4 .235/4.096)..... 3 
MGINGR. Wessceure amo ic tl G oer h dls oo ell eee Nhs ioe 8 lire ede 28 oe A atts Tn a 3 
Se es oe re (eres |e ek Pee |e ea ree 4 .800/4 .650/4 . 5506/3 . 66113 


MinNy |6.299/6.076|5 .875/5 .670/5.490/5.309 |5.135/4.815/4.665/4. 522/13 .672/3. 
— Min Nrv |6.340/6.121/5.919/5.712/5.529/5.346 |5.175/4.855/4. 705/4.560/3.710/3. 


MiyOn |7.083/6.794).... 0,00... ].....f......).0...).....,0000. 4.813/3 .804/3. 
p’ 6.984/6.718)..... 6 .233/6.009/5.796 |5.595)/5 .220/5 .045/4. 881|3 .924/3 . 
MyyNyx |7.008/6 . 743)6 .491/6 .254/6 .025/5. 8168/5 .612/5 . 23915 .065/4 .899)3 .934/3 
M yO an: leaks cla tes es eves eal ees 5.975 |5.755 

a” 7.201/6.932]..... 6 .440/6.215/5.997 [5.79415 .416/5 .239 

a’ 7.219/6 948)... . .|6.459/6.231/6.011 |5.811]5.433/5.256/5.087/4.112/3 
MyNvit |7.237\6 .969/6.715/6 .477/6 .249)/6 .034 [5.828/5.450/5.274/5.108/4.130/3 
MAING NS i's. dtl eects Pasig 2 ll eases 6.262/6.045 |5.842)5.461/5.288)/5.119)/4.143/3 
MinNr |7.596)7.346).....)..... 6 .653/6.442 |6.241/5.870/5.694/5 .526/4.55414 
MivNiuz1|..... 8 .559/8 .222)..... 7.629)7.356 |7.086]..... 6.371/6.149/4.901/4. 
MvyNixr |9.297/8 .943/8 .612/8 .293/8 .002/7.722 |7.451/6. 960/6 . 72616. 508/5 2291/4. 
MivNir |9.311/8.977|8 .646/8 .344/8 .048/7.774 |7.507/7.017/6. 788)/6.57115.329/5. 


937 
040 


* E. Lindberg, Dissertation, Uppsala, 1931. From ‘‘Smithsonian Physical Tables.” 
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DATA ON CHARACTERISTIC X-RAY SPECTRA 7-133 


TasLE 7h-5. ENeray Levets or X-RAY SprectTrRa* 
[Units »/R (R = 109,737.3 em~})] 


K Ly Dy Lit My My Min Miv My 


peneesiel Geel (eee! Gene me 


2 He 1.8 

3 Li 3.6 

4 Be 8.2 0.7 

5B. 14.2 

6C 21.04 

7N 29.4 | ...... 0.4 

8 O 89.3 | ...... 0.7 

9F 60.6 | ...... 0.9 

10 Ne 64.0 3.56 1.59 1.58 

11 Na 78.93 | 4.678 |} 2.263 | 2.248 0.048 

12 Mg 96.0 6.513 | 3.658 | 3.638 0.5 

13 Al 114.8 8.485 | 5.372 | 5.343 0.4 

14 Si 135.4 | 11.0 7.378 | 7.325 0.5 

15 P 157.8 | 13.6 9.68 | 9.60 bead 0.5 

168 181.9 | 16.5 12.11 | 12.02 | 1.23]. 0.4 

17 Cl 207.91 | 19.8 14.9 14.8 1.4 0.5 

18 Ar 236.7 | ...... 18.1 17.9 | 0.8 

19 K 265.6 | 27.7 21.7 | 21.5 2.40 1.2 0.26 
20 Ca 297.4 | 32.3 25.8 25.5 3.22 1.9 0.37 | 

0.38 


* From Landolt Bornstein, ‘‘Zahlenwerte und Funktionen,’’ 6th ed., vol. I, Springer-Verlag OHG, 
Berlin, 1950. For literature references, see this volume. 
Values given in heavy type represent the most reliable measurements. 
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TapLe 7h-5. Enercy Levets or X-Ray SPECTRA (Continued) 


Litt | Mr | Mir | Miui1| Miv| Mv | Nx 


K Nu1|Ni11|Niv| Nv | Yr | Yur 
21Sc | 331.2 30.0 | 4.27 2.7 0.81 
| 0.77 
22Ti | 365.8 33.6 | 4.48 2.6 0.24 | 
| 0.31 
23 Va | 402.7 37.9 | 5.05 3.0 0.19 | 
| 0.37 
24Cr | 441.1 42.3 | 5.40 3.1 0.05 | 
| | 0.15 
25 Mn | . 481.9 47.4 | 6.36 3.8 0.44 | 
| 0.47 
26 Fe | 523.9 52.2 | 6.95 4.1 0.31 | 
| 0.37 
27Co | 568.1 87.7 | 7.73 4.7 0.42 | 
| 0.49 
28Ni | 614.1 63.2 | 8.53 5.4 0.51 | 
| 0.53 
29 Cu | 661.44 68.703| 9.06 5.54 0.28 | 
| 0.30 
30 Zn | 711.79 75.50 | 10.30 6.77 0.80 |..... 0.7 0.5 
| 0.75 
31Ga | 765.6 84.1 | 11.89 9.5 1.45 | 
| 14.72 
32Ge | 817.6 89.3 | 12.9 8.8 1) eee a ee wt 0 
i : _ 1.92 | 
33 As | 874.05! 112.62) 100.08] 97.48 | 15.00 10.37 3.08 0.2 
34Se | 982.17 108.60} 105,62 | 16.91} ..... 11.82| 5.07] 4.00]....| 0.32 
35Br | 992.6 |......| 117.8 | 1143. | 19.48 | 13.60 | 13.21) 5.27) 513) ....| 0.5 
36 Kr | 1,055.05 127.18] 128.38 | ..... 1562. © jlevie | teaeee wees | O71 
37 Rb | 1,119.65 | 152.65| 137.43] 183.04 | 23.86 | 18.41 | 17.69 | 8.39) 8.26 | 2.28 | 1.22. | 
38 Sr | 1,186.27 | 163.33] 147.90| 142.97 | 26.44 | 20.71 | 19.92 | 10.06 | 9.01 / 2.89] 155 |....}.-. | 0.58 
39 Y._ | 1,254.90 | 174.72] 158.72| 153.16 | 29.03 | 23.00 | 22.10 | 11.72 | 11.56 | 3.31 | 1.87 
40 Zr | 1,325.45 163.56 | 31.57 | 25.14 | 24.16 | 13.32 | 13.14] 3.66] 1.93 | O21] O | 1.16 | 0.40 
41 Nb | 1,398.5 9 }181.7 |174.7 | 34.7 | 28.11 | 26.91 | 15.48 | 15.26 | 4.52) 2.67 0.62 | 1.70 | 0.50 
42 Mo | 1.473.29 | 211.22| 193.60| 185.87 | 37.43 ; 30.35 | 29.07 | 17.21 | 16.97 | 4.82) 2.73 |.... [0.5 | 1.73 | 0.33 
44 Ru | 1.629.01 209.00 | 43.07 | 35.69 | 33.97 | 20.86 | 20.55 | 5.50 | 3.24 0.16 | 2.20 | 0.46 
45 Rh | 1,710.12 221.11 | 46.07 | 38.35 | 36.49 | 22.84 | 22.49 | 5.84] 3.50 0.00 |....| 0.21 
46 Pd | 1.793.46 | 265.37| 245.21] 233.65 | 49.27 | 41.07 | 39.04 | 24.97 | 24.59 | 6.29) 3.67 0.09 | 2.17 | 0.80 
47 Ag | 1.879.33 246.94 | 52.98 | 44.49 | 42.21 | 27.56 | 97.13 |7.15| 4.28 | 0.45 | 0.36 | 2.32 | 0.16 


0.39 
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Ti. Constants and Energy Levels of Diatomic Molecules 


7i-1. Constants of Diatomic Molecules 


Explanation of Columns in Table 71-1 


1. Identification of molecule. 

2. Mass numbers of the constituent atoms to which the data refer. If these are 
not specified, the naturally occurring isotope mixture is used. | 
._ Reduced mass yp in atomic units (016 = 16.0000). 

Designation of the normal state of the molecule. 

. B = h/(8r°cur-2) where r. is the equilibrium distance. 

a from B, = B — a(v +3); —a = Yq. 

. Te equilibrium distance. 

. Vibrational frequency w = Yo. 

_ Anharmonic constant —x = Yoo, BE, = w(v + 5) —xr(v + 5)? 

10. Dissociation energy Dp in electron volts. 

Uncertain quantities are enclosed in parentheses. Quantities listed within square 
brackets refer to the v = O state instead of the equilibrium state. 

The data are derived mostly from molecular spectra (visible, infrared, or micro- 
wave); some are from X-ray or electron diffraction or thermochemical data. They 
have been chiefly taken from the compilation of Herzberg. For further details and 
literature references, see this compilation: G. Herzberg, “Spectra of Diatomic Mole- 
cules,”” D. Van Nostrand & Company, Inc., Princeton, N.J., 1950; also B. Rosen, 
“Données concernant les molécules diatomiques” (1951). 

The constants in the expression for the potential energy, 


Vr) = aolr — re)%{1 + ar(r — 1)? + aa(r — 7e)* H+ +] 


O OND op w 


may be derived from the approximate expressions 


w? = 4Bag 2 = —3B(ar — $a;*) 
6B2 
a= — — (1 + ay) 
@ ‘ 
550? ety ge eee __% ,5 7, 
% = FB ed 6B aia ye oe 
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CONSTANTS AND ENERGY LEVELS OF DIATOMIC MOLECULES 7-137 


TABLe 7i-1. CONSTANTS OF DIATOMIC MOLEcULES* 


Do, 
electron 
volts 
(10) 
46.436 fa eon ere eee 247.42 26 
26.358 TBS ee Seman llacte ue at 343.6 3.1 
0.99880 | t+ 6.543 1,760.0 2.5 
58.0439 > am (ere nee (eee 206.18 2.983 
13.9340 > an ee Ore ae ere ee 493.2 (1.8) 
20.1129 1y+ 0.1591 378.0 (2.47) 
15.2350 1y+ 0.242 481.30 (3.1) 
11.1521 aa ee |e See 814.5 (2.5) 
0.971832 | 1+ 6.3962 1,682.57 3.06: 
0.971831 | 25+ 6.763 1,610 
22.2578 5a ey ee eke eS 316.1 (2.9) 
10.0452 2+ 0.64148 978.2 3.75 
37.467 Tg Wi icech scare Pag Macey eeareues 429.44 <3.96 
11.8015 EO wisctli aad den Go a nie 1,068.0 (6.5) 
13.1848 | On [eee ae nea 967.4 <5.0 
29.7055 Bee | cabinet ates Sh damascus ace 382.8 3.5 
1.002999 | z+ 7.2401 2,305.01 3.1 
5.50645 | 3x,- 1.212 1,051.3 (3.6) 
50.131 a. res, ae ee ae 193.8 (2.8) 
27.9022 Ree heen es bisa tdecshee 279.3 (2.7) 
16.6953 2 a (EPS On NNN a (3.8) 
1.000788 | z+ 3.3823 | 0.0655 <1.82 
65.979 25? : 
14.3311 1y 0.3126 | 0.0014 4.7 
26.004 ae ee eee) rere) ea (2.3) 
9.6644 1y+ 0.490 0.0035 (4.1) 
8.37582 | I> 0.6838 | 0.00646 (4.2) 
7.16766 | 2+ (0 :) (4.3) 
6.11450 | 2+ 1.4877 | 0.01685 (5.4) 
0.906732 | 2y+ 10.308 0.300 (2.2) 
0.906727 | 15+ 10.7996 | 0.2935 (3.2) 
5.76612 | 15+ 1.6510 | 0.0190 1, 487.323 | 11.8297 | (3.7) 
(3.0) 
6.97245 | 15+ 1.518 0.017 1,399.8 11.3 (4.3) 
0.923585 | 15+ 12.018 0.412 (2,366) (49) <3.51 
0.923581 | 2+ (12.374) | ol, 2,435 
104.528 Ip, b wae ld Poteet cee | 172.71 | 0.3297 1.70 
OE 20F il ade. Vrwukint wars Wille at. O20 6 209.34. | 0.468 2.74 
COUOOE age MAL ce bea P le eho k 308.0 0.96 (3.0) 
17.4209 a eee ee ie er eee 510.7 (3.2) 
1.00329 | 3z-? 5.137 0.148 1,698.9 (2.7) 
PB OIG Dx cieus! We ante OS Wn ah: 163.9 (2.7) 
14.8625 ROPE rere ence eee nen 702.1 (2.9) 
6.16550 | 311 1.666 0.025 1,514.6 (5.0) 
6.52305 | 2+ 1.7803 | 0.01648 1,885.44 (9.1) 
39.958 15 ,+ 0.08091 | 0.000275 1.971 
24.567 15+ Se a ere ee eee ee (eee ey 2.26 
15.3542 1y+ 0.357165 | 0.005214 2.19 
13.3316 Sates iturtatecee dle, cote a (2.2) 
6.00194 | 3m, 1.6326 | 0.01683 1,641.35 (3.6) 
26.587 Se: comrananss It uae, 285.3 (2.9) 
18.6804 2y+ (0.26) | ........... 369.8 <2.76 
12.88080 | 2>+ (0.322) | ........... 587.1 <3.15 
0:983332 | 2 4.2778 | 0.0963 1,299 <1.70 
0.983332 | 15 (5.71) | 2.0.0.0... 
30. 468 2) Ga eee em eee ae 242.0 (2.8) 
10.4265 1y 0.445 0.00335 4.81 5.9 
*From G. Herzberg, ‘‘Spectra of Diatomic Molecules,’”’ 2d ed, D. Van Nostrand Company, Inc., 
Princeton, N. J., 1950. 
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TABLE 7i-1 Constants or DioMaTic MOLECULES (Continued) 


mi | me Normal Do, 
ate electron 
volts 
one ABN io OE Nis ONE ls SO _- 40) 
17.819 uals. PRGeensene:| anes as ASect Wig Si eiten |) ouerenene Mabarets <5.2 
10.4367 : | 
8.93694 2I1 Luc ecitae |) Lita ed ake pee ine 
56.221 eee ene er ee ee en rs ee aie 0.087 
46.722 sy ptveetttscelll Gee See et arene 50 | (3.3) | 
26.6793 Boe 325 hall ieee sues ee eee re (2.8) - 
16.2568 ne Ca me Meer we retro Perec eee 
0.99917 wt 0.678 
0.99917 1zt (2.0) - 
59.624 Fn RES |e rom mere: rein eee: (1.6) 
24.956 gute. “Wapeieiee & 2a Aeadoah eed | Poreeios: | Seeaateeey | Deki | <3.9 
46.393 chee We mmeceacareatedll tebe eme sete) Saachae (l' aAeaee heel Paaee: <3.2 
14.3607 niet IP eeeeiteed | Staetewakee lh Bees pet 0: (7.7) 
0.930024 | 21 64. 3.47 
0.930021 1y+ 1.13083: 3) cncadeyow gees 3.6 
17. 48942 1Q,* 1.988 564.9 2.475. 
17 .48928 2?) 1.891 - 645.3 (4.4) | 
12.31410 1 1.62813 793.2 _ 2.616 © 
11.026. gals Widen teette: WRER eG taf Ase ees ( isu edz 1.9 
0.01748 1.1282 2,170.21 11.108 | 
0.01896 1.1151 2,214.24 (9.9): 
es PO ee ere en ere wee | 421.2. 
Spuliiel thaw WAS A Saas sevees | 1.542% | (1,890) | 
1.562 1,239.67 (6.9). 
Oe ee rn Peer a rr a re (3.8) 
Roemer eee e ree ere 0.45 
Pr ee >3.9. 
a ren eee ere eee (6.8) 
(1.9) | 
Se cpienle hath fr Okara astne ess 3.37 
Lentil nai keds sees || wae grees (0.17) 
usual odintoket [tae Redes Oak Tk Wena ee (2.5): 
Sid Gita ee RES. (een eit (3.0) 
(3.0) 
0.992242 | 127 2.89 
0.992242 | 22 S301 Wh we eee tenes 
12.084 ieee igen uch |) cyhaedene mabe: (3.0) 
12.7822 BP Saletan Laeeteneale ee eas 
9.50227 1 ot bt woes ete pe Sefer ee P Se oe 2.75 
21.5105 ay RPE er) ree reg rer ce ; 
0.990261 [7.8155] | ...... Piste 
12.4378 sie.tge «ff, dia estanede saul Beeesaseere | tees 5 (4.8) 
| 37.232 iP. i achtackas Pas eeMaseve toe eneaas 0.81 (2.7) © 
23.2069 IBE | seedaoams.'| ooeueeiee sas . eee 1.1 (3.7) 
44 682. ASE: learn Ie Mewerns ee ene 0.5 2.88 
| 13.0142 he elite |) eageesawes| ll -aeeeee ee 6.34 (2.9) 
14.520 Sete (gute essed A> cea ch aate [een wetes 3.70 | (5.9) 
eres eee eee 38.052 211 Perera | pe kere rere mere rT 0.9 (3.0) 
23.7466 | UE | ...e eee | eee eeees Reel eaxtaans 1.36 (4.0) 
15.0627 ME: Wea: h oktesers en ere 2.79 (4.9) 
13.1540 1yt 4.30 (6.9) 
1.80 (5.6) 


29.3286 | IE |... eeeee | eee reee eee Debio 
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TaBLeE 7i-1. Constants or Diatomic MOLECULES (Continued) 


" Normal 
state 
8) (4) 
38.415 1+ 
47.129" 1+ 
0.504066 | 15,+ 
0.503928 | 2z,+ 
....-1 0.99558 iDt 
Sot aise 0.99558 211 
0.979889 |; 12+ 
0.979889 | 2— 
2.00193 1 yt 
2.00179 rut 
0.957347 | 15+ 
stig bhi bebe ta lat aticg 100.33 1Dt 
57.785 2? 
29.7866 2y+ 
17.3604 2? 
1.00309 zt 
1.00309 1y+ 
77.751 22? 
27.655 
Piso ud Bettas SNA en 56.674 
OP Alaeha ace ad 101.27 | stake 
1.000187 | 15+ 
0.977325 | *m 
63. 4665 1D,t 
48.6670 iyt 
27.4221 1yt 
47.492 + 
26.8179 1yt 
0.999366 | 15+ 
60.320; 1+ 
14 0427 22? 
14.2090 etias 
19.488 1Zq - 
26 .260 It 
18.599 1p 
12.7894 1+ 
0.9827 it 
29.896 1y+ 
14.3479 2 
3.50908 1X Qt 
6.3872 
5.8056 renee 
6.6663 1+ 
5.0846. mata 
0.881506 | 15+ 
6.582 1yt. 
5.895 iy+ 
6.421 1y 


14.6600 
18 .3998 
14.23132 
10.60470 
0.967480 
0.967479 
20.415 


Do, 
w z electron 
volts 
(5) (8) (9) (10) 
Se ee er ee en Renn ee 406.8 1.2 (4.1) 
See oes a aie geata etre aig Kl unin de, 323.4 1.0 (3.2) 
68.809 4,395.24 /117.995 4.4763 
29.8 2,297 62 2.6481 
8.473 2,649.67 | 45.21 3.754 
[7.955] Sau a eat coeihe tn 3.50 
10.5909 2,989.74 | 52.05 — 4.430 
9.9463 2,675.4 53.5 4.48 
7.664 1,811.2 39.2 | (2.6) 
7.22 1,627.2 | ....... (3.1) 
20.939 4,138.52 90.069 6.40 
SNE Tecate (36) seeeeee | <0.060 
erisehanteel act 186.25 0.975 0.7 
siociena Th aeabagses 292.61 1.6025 1.0 
Dads habla 490.8 4.05 (1.8) 
5.549 1,387.09 | 83.01 © 0.376 
6.613 2,033.87 | 46.16 (2.3) 
Se See ee are 125.6 
eben dia ac 26.9 
6.551 2,309.53 
Cd a een eee 0° ler) Se ee 
0.03736 214.57 
Hotels ts 268.4 
0.114162 384.18 
ee eee 221.0 
0.1170 317.4 
4.9959 1,474.7 
miei ee 177.1 
Rieke dann 703 .09 
Cidade oes Beh 687 
0.05622 92.64 
eh ena: 231 
speeds 280 
(0.2022) (390) 
3.407 985.0 
pag raed 212. 
PERE SCA ae Te 811.6 
0.67272 351.43, 
itis toed (167) 
7.5131 1, 405.649 
Pease aha 450 
ee (207) 
Bo see (185) 


er 


eocereo ew ne 


841.66. 
373.8 
465.4 
717.6 
1,495.7 
1,695.3 
312 
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TABLE 7i-1. ConsTANTs OF Diatomic MOLECULES (Continued) 


Normal Do, 
B B a fe wo electron 
state 
volts 
(3) (4) (5) (6) (7) (8) (10) 

9.5989 1y 0.5743 0.0050 1.749 785.1 ' (3.7) © 
13.894 § wcan | cweneenee Pansesee wees, [oe beses 525.2 (2.9) 
32.570 TSW sauateea hte hesageads Vocereeeas 289.7 (2.9) 
21.3757 > Ga OD) (Sear eRe craeaead Serer ere cage 384.9 (3.3) 
14.1218 77 los bavlowelnd eh Aeeee ee be eel ee eee 618.8 (3.9) 

0.989974 | 72% 5.68548 | 0.16079 1.73075 | [1,490.58] (<2.4) 
38.3560 IP Seated P Se ate hed. pees (240) 

12.3926 ee lg hats, othe Ls Cetus Sid Secs a hh os 840.7 (4.4) 
7.00377 1Zgt 2.010 0.0187 1.094 2,359.61 9.756 
7.00363 2D yt 1.932 0.020 1.1162 2,207.19 8.724 

11. 49822 1Zyt 0.15471 | 0.00079 3.0786 159.23 0.73 

17.8588 1ST? ‘ilo Sie wee || ee aanentalet (2.64) 315 3.85 

13.9508 ESF i pedeaue tee. Ml aerate aes (2.51) 380 3.58 

19.6052 Ite ak cathauae Ieee esate tl ee eees (98) 

10.4054 eRe eee Were wero ee ee ee <5.3 
0.96579 1yt 4.9012 0.1353 1.8873 1,172.2 (2.2) 

19. 4692 1yt 29 ‘Peouageerdas. [2.90] 286 3.16 

14.481 BRE Yk hee cats) ale See gare || eet ea 123.29 0.62 

18.122 Wt bk ov ewau |) Se eewe ate eee Tes teases 106.64 (0.57) 

11.919 co i Saeed) wae eres el). HiRes 693 (3.0) 
0.94045 3p- 16.65 0.64 1.038 (3,300) (3.8) 

22.110 2 ce ohaue Vaeeetse eae | eae eee 419.2. (7.3) 
0.99111 2A5 7.823 0.248 1.4746 1,926.6 <3.1 

12.573 Perees Serer rn error re rrr ee {615] 

7.46881 211} 1.7046 0.0178 1.1508 1,904.03 6.487 

7.46869 ran eee eee Crete rr ee eis Me ae: 10.6 

9.74115 aq] 0.7736 0.00612 1.495 1,220.0 (5.9). 

8.000000 | %2_° 1.445666 | 0.01579: 1.207393 | 1,580.361 5.080 

7.99986 2g 1.6722 0.01984 1.1227 1,876.4 6.48. 

0.94838 217 18.871 0.714 0.9706 3,735.21 4.35 

0.94837 3=- 16.793 0.732 1.0289 | [2,955] 4.4 
15.49321 1Qgt 0.3032; 0.00142 1.8943 780.43 5.031 

103.63 Kos ee ere Pee ee eee 256.5 (0.7) 

57.161 211? ‘gla raidue Gtangcv ah ace ateatlvee ge | haha tees 207.5 2.97 © 

29 .9281 MI? fp hades des || saxesuiccee | soeekess 303.8 3.12 

17.4083 Tb wicca dae. | pases siverd: |. Ga emieer 507 .2 3.47 
1.00325 1? 4.971 0.144 1.839 1,564.1 1.59 

78.722 MIP OE oo Slane | datas eee | aes 160.5 2.84 

14.8534 1yt 0.3073 0.0019 1.922 721.8 (4.3) 

27.7213 1yt 0.10605 | 0.000873 2.3943 428.14 (4.7) 

57.189 PP hes weg dows! ee ee beaten: feeb 277 .6 (4.3) 

78.996 1 Nee cee | nS pa Oe eee 211.8 (3.5) 
0.976368 | 327 [S412].  acacconeress [1.4328] | (2,380) 

9.64651 1y+ 0.7862: | 0.00557 1.4910 1,337.24 (6.3) 
10. 55138 211 0.7613 0.0055 1.4483 1,230.64 (6.2) 
14.369 eran) ere terre ey rer, Meera 818.9 
42.469 Ig We re Geewed de avweween eee |oeene ses 57.28 0.49 
41.313 sca! P\ aeetee ee dceue say Seasw bee ih, eee ees |, cieeaa ty aes 3.93 
25.068 yi eaee vee fie eeen se eeee 2.89 (253) 3.96 
52.036 ISS, WD) cu GasGens | ueotarse eae hi eee eae 49.41 5.45 
15.5486 

0.99638 1yt 3.020 0.072 2.367 936.77 (1.9) 
51.089 1% Siders fence Mea maiatittate eR? tl sak thateaihe & 3.29 
15 .99126 3297 0.2956 0.0016 1.889 725.68 4.4 
60. 897 TSE. blo te Ate cs: | oreat wa entitles Nader tetas Se 269.85 (3.7) 
76.958 1S ieee Th Sew evekin en Pb weasels 220.0 (3.0) 
27.1744 odie: “ht cane eavdee We Meee Ee aa heats], Grete 369.0 (4.6) 


CONSTANTS AND ENERGY LEVELS OF DIATOMIC MOLECULES 4-141 


TABLE 7i-1. ConsTANts oF Diatomic MoLECULES (Continued) 


Do, 
w x electron 
volts 
(8) (9) (10) 


nn | rr | ns | eee enreenemes | er fo 


391.77 1.06 3.55 
907.1 4.61 (5.4) 
(750) 
425.4 1.5 (3.7) 
535.4 2.20 (4.0) 
856.7 4.7 

(2,080) 


1,151.68 | 6.5600 (4.5) 

1,242.03 6.047 (7.4) 
(851) 

749 . 69 2.58 (6.6) 
580.0 1.78 (5.8) 
481.2 1.30 (5.5) 
247.7 0.62 (3.0) 
352.5 1.06 (3.6) 
582.9 2.69 (3.9) 


822.4 3.73 (5.6) 
487.68 | 1.34 3.0 
331.2 0.736 (4.6) 
259.5 0.50 (4.2) 
1,123.73 6.116 5.146 
216.5 0.51 (2.8) 
302.3 0.95 (3.0) 


653.5 4.0 (4.5) 
dvs jc Moeiee <2.7 
251 0.55 <3.18 
796.0 3.50 3.453 
456 .4 6.3 (1.0) 


(220) 
390.5 1.55 (3.0) 
(630) (3.5) 
1,607.6 55.14 0.851 
1,916 39 (2.5) 
223 .4 0.75 (2.0) 
Bae eee (ill eee 4.4 
ued ee el) comes 2.2 
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7i-2. Energy Levels and Potential Curves of Important Diatomic Molecules 


The following molecules are represented: 


rc SS ST 


ee | Fig. 7-1 | No... 0.2... | Fig. 7i-4 
ONis Anibvacts Fig. 7i-2 | NO......... Fig. 7i-5 
CO... eee. Fig. 7i-3 | Oo.......-.. Fig. 7i-6 
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Fra. 7i-1. Potential curves of Co. (G. Herzberg, ‘‘Spectra of Diatomic Molecules,” 2d ed., 
D. Van Nostrand Company, Inc., Princeton, N.J., 1950.) . 
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Fia. 7i-2. Potential curves of CN. (G. Herzberg, ‘‘Spectra of Diatomic Molecules,”’ 
2d ed., D. Van Nostrand Company, Inc., Princeton, N.J., 1950.) 
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Fia. 7i-3. Energy levels of CO. (Herzberg, ‘‘Spectra of Diatomic Molecules,” 2d ed., 
D. Van Nostrand Company, Inc., Princeton, N.J., 1950.) 
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Fia. 7i-6. Potential curves of O2. (G. Herzberg, ‘Spectra of Diatomic Molecules,” 2d ed., 
D. Van Nostrand Company, Inc., Princeton, N.J., 1950.) 


7j. Constants of Polyatomic Molecules 


G. HERZBERG AND L. HERZBERG 


Division of Physics 
National Research Council of Canada 

Ln reer peeeesenanerenaresemnanereneneeee 

7j-1. Introduction. The following tables present some of the more important data 
on simple polyatomic molecules derived from infrared, Raman, and microwave 
spectra. Tables 7j-1 through 7j-4 give the fundamental vibrational frequencies (in 
cm~') of all triatomic and four-atomic molecules for which these quantities have becn 
determined and for a few important five- and six-atomic molecules. The point groups 
to which the molecules belong are indicated in the last column. The numbering of 
the vibrations is in accordance with the practice followed by many authors in recent 
years! and now established by international agreement.” 

For most molecules listed the fundamentals are active in both the infrared and the 
Raman spectrum. However, for molecules of high symmetry, certain vibrations 
cannot occur in the Raman spectrum, others not in the infrared spectrum, and a few 
in neither one: for triatomic linear symmetric molecules (D.,), v1 is Raman active 


and vz and »; infrared active; for four-atomic linear symmetric molecules (D.4), v1, v2, 
and v4 are Raman active and »; and »; infrared active; for four-atomic planar molecules 


1G. Herzberg, ‘‘ Molecular Spectra and Molecular Structure. II. Infrared and Raman 
Spectra of Polyatomic Molecules,’’ D. Van Nostrand Company, Inc., Princeton, N.J., 1945. 
2R. S. Mulliken, JCP 23, 1997 (1955). 


7-146 -_- ATOMIC AND MOLECULAR PHYSICS 


with a threefold axis (Dz,), v1 is Raman active, ve infrared active, and »; and » are 
both Raman and infrared active; for five-atomic tetrahedral molecules (7'a) all vibra- 
tions are Raman active but only vs and » are infrared active; for linear symmetric six- 
atomic molecules, the vibrations v1, v2, v3, ¥e, ¥7 are Raman active and the remaining 
ones are infrared active, for six atomic molecules with three mutually perpendicular 
planes of symmetry (Vn), the vibrations 7, vs, vio, ¥11, ¥12 are infrared active and all 
others, except , are Raman active, for six atomic molecules of Cs, symmetry, “1, 2, 
v3, v4, ¥s, and vs are Raman active, and the others are infrared active. 

Tables 7j-5 through 7j-15 give the rotational constants Ajo}, Bio), Cfo) of all tri- 
atomic, four-atomic, five-atomic, and six-atomic molecules for which they are known. 
These rotational constants are, apart from the factor h/8rc, the reciprocal moments 
of inertia, and therefore from them the geometrical parameters of the molecule can be 
determined if a sufficient number of isotopes have been investigated. The geometrical 
parameters thus obtained are also listed in Tables 7j-5 through 7}-15. 

The constants Ao, Bio, Cto) refer to the lowest vibrational level which still includes 
the zero-point vibration. In the few cases in which these constants have been deter- 
mined for the true equilibrium positions, the equilibrium constants A., B., C. are also 
listed. 7 | : 

Mierowave spectra give the constants in Mc/sec while infrared and Raman spectra 
give them incm~!. Here all microwave values have been converted to cm by divid- 
ing by c = 2.997928 X 107° cm/sec. 

In the alphabetical order used, D is counted as an H in order to have the deuterated 
molecules appear with the corresponding nondeuterated ones. Element symbols 
without mass numbers refer to the most abundant isotope. 

Many of the data have been taken from the books by Herzberg! and by Gordy, Smith, 
and Trambarulo.? In addition, the literature up to the end of 1953 has been included. 
For detailed tables of microwave frequencies, reference should be made to Kisliuk 
and Townes = = 2 | ee ee 

Most of the geometrical data are still based on DuMond and Cohen’s 1951 set of 
atomic constants. A few data that were recalculated are based on the 1953 set.° 
However, the difference amounts to less than 0.01 per cent (<0.0001 A). 


1 Loc. cit. . 

2W. Gordy, W. V. Smith, and R. F. Trambarulo, ‘‘ Microwave Spectroscopy,” John 
Wiley & Sons, Inc., New York, 1953. . eae oper yes — 

3 P. Kisliuk and G. H. Townes, Natl. Bur. Standards (U.S.) Circ. 518. 

4 J, W. M. DuMond and E. R Cohen, Phys. Rev. 82, 555 (1951). | 

5 J, W. M. DuMond and E. R. Cohen, Revs. Modern Phys. 25, 691 (1953). are 
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7j-2. Fundamental Vibrations 


TaBLE 7j-1. Triatomic MoLEcu.es 


Molecule _ vi, cm} ve, cm7! v3, cm7! ee 
(BOs) serine T49* Fe. (1 , 480) Dan — 
BrON oes sca dae 580 368 2,187 Coo 
OCP ik cieks hi Sans 1,162 665.0 : 
CION 3: ce cci govt 714 396* 2,213 Co 
Chi ie. aie eis 688 (330) 969 Css 
ClQe............. 943 .2 445 1,110.5 Cov 
(ClO2)~. 2.2.2... 797 396 844 | 
COR rica eoshe ete. 1 , 388. 3; 2ve = 1,285.5} 667 .3 2,349.3 Dai 
(CO) Pe Rov 3 (1, 265) eSeeaatas s Wh tue ea Den 
COS saiius oncwncenes 655 (397) 1,510 Deon 
DON. cones kt (2,294) Foo... (1,052) Cov 
BO) soa ge shes ices ok 928 461 828 Cov 
HON: 4otpawaens | 2,095.5 711.7 3,311.68 Gas 
DON ewes wrk bese 1,928 568 .9 2,629.3 Cus 
(HF 2)-........... -(595)t 1,248f 1,510} Cao(?) 
HgBre........... 223 53 (307) Dah 
HgBrI........... MOD 8 eu Rakes i - domeddeaea Cas 
HgCle............ 363 | 95 423 Doh 
HgCiBr.......... 270 (40) 390 Cas 
) sf 6h rarer enero 204 (50) 408 Cae 
Ag  gcscccweuadaes 156 46 (235) Don 

Oe bia eas 3,657.05 1,595.0 3,775.79 Coy 
MD On. cha ae ares 2,723.7 1,403 3,707.5 Cy 
D.O. 2, 666 1,178.7 2,787.3 Cow 
HOCI 3,626 1,242 739 C; 
DOClg es des 20 uteee 2,674 911 739 C, 
Piece nash chink 2,610.8 1,183 2,626 Coo 
DS ease ene set d lb ae penn iitetn 1S ele iad 1,090 (2, 684) Cs. 
D3S.. 1,892 855 1,900 C2 
HSe............. 2,260 1,074 2,350 Ce» 
HDSe............ 1,691 905 2,352 C, 
D.Se 1,630 745 1,696 Cox» 
ICN 470 321 2,158 Caw 
CN 8) ekietas ees ee. 1,350* 630* 2 ,080* Dah 
1 6 eee eee 1,285.0 588.78 2,223.75 Cas 
NO so ncaiea is 246 1,306 755 1,621 C'2r 
(NOs)? wieteecs 2x 1,325} 831} 1,360f Cee 
(NOS) © cs eanudd wa 1,400* | = | 
NOC es hone aen 1,799 . 592 332 C. 
NOP iccdcaakarees 1,844.0 621 765.9 CL 
O; hha le nie oe By. eve eed de ye 1 ; 110 705 1 , 043 Co» 
(COON nalts as SIO I Seal ieuctat 2,180* Cas 
OCS cxsexeeotees 859.2 521.5 2,050.5 Cav 
(SON) Higa Sop aet 2, 066* (398) * 750* Css 
(SeCN)-......... 2 ,051.5* OUD? Ne ce ips Cas 
SOz... 1,151.4 517.7 1,361.8 Cop 
(UQ2)tt. ce. 860} (210)t 930f Con 


Values in parentheses are uncertain, or have been obtained indirectly. 
* Observed in liquid only. 

{Fermi resonance between »1 and 2p:. 

+ Observed in crystal only. 
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TaBie 7j-2. Four-atoMic MOLECULES © — 


AsCl3 ie 8 a eee 410 193 


AGW oid chiens 707 341 
AsHg........ 2,116.1| 2,123 
AsD3........ 1,523.1; 1,529.3 
BBr3........ 279 (372) 
BClissiauccs oar val 460 
BPyacedsl 888 691.3 
BiCls........ 288 130 
(BrOs)~...... ~ 803* 428* 
CFCIO...... 1,868 1,095 


*CROG aan: 1,942 965; 
- 2, = 1,907t 
_.| 3,373.2] 1,974.0 


CoH. 
C.HD ...| 3,334.8) 1,851.2 
CeDe.......- 2,701.8 1,764.9 
Calais caenaces 2,113 191 
Cl.CO..... ..| 1,827 575 
Cl:CS:...... 1,121 496 
CIFs..... ....| . 750 644 
(Cl1O3)~...... 940* 617* 
CoNe........ 2,328.5) 850.6 | 
(COg)" aeons 1 ,088* 1,438* 
(GeCl3)~..... - 320* 162* 
HC.Cl....... 3,319 2,109 
DC.Cl....... 2,610 1,979 
(HCO2)-....| 2,825* 1 ,584* 
H.CO....... 2,780 1,743.6 
HDCO...... 2,845 2,121 
D.CO....... 2,055.8 1,700 
HNs........ 3,335.6 2,140.4 
HNCO...... 3,531 2,274 
HNCS....... 3,536 1,963 
HNO: (cis). .| 3,426 |  .....--. 
(trans)....| 3,590 1,696 
DNOsz (cis)..| 2,580 |  .....-- 
(trans)....| 2,650 1,690 
H2Oe........ 3 ,395* 1,421* 
D2O2........ 2,510* 1,009* 
HSe........ 2,513* 882* 
(1O3)~.....-. 779* 390f 
INE picasso sed 1,032 647 
NEgiccieses 3,336.7 949.8 
NEGDictecctl eaGaeee> : eeeeBis 
NA De csx ou hall cs excite a8 2,418 
ND3........ 2,420.4 748.8 5. 2}. ae B 
(NOs3)-...... 1 ,048f 1,380} | | D 
Pate bac aarts 606 363 ents : 
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TABLE 7j-2. Four-atomic Mo.ecues (Continued) 


Molecule 


TS rrr —nenamemaenee | -eermerereeercaiiene | ctinterrninnnenatis ‘foisted, fn fe 


vi, CM 
PBr3........ 380 
PCls........ 510 
ee 892 
PFBr2....... 817 
PFCl:....... 827 
PF.Cl....... 860 
PFCIBr..... 822 
Pil gies 2,322.9 
igs 0 Dee ee ree 
PHD,....... 2,320 
SbCl;...-.... 360 
SbH3........ 1,890.9 
SbD3....... 1,358.8 
S2Cle........ 448 
(SnCl3)~-..... 278* 
SOs......... 1,067 
S202........ 679 
SOCle....... (1,229) 
SOF?........| (1,312) 


oe er ee we 


(488) 
(795) 


eee © © © wef oe © eo oe we ew ew oi 


ee 2 © © © © oh we ew © ew ew ow 


Cr 


a ee @ we wo 


Ce so as 


ef 


oe es © © © © ew oh ew ow we wl 


ee a ey 


400 | 116° 
480 | 190 
860 | 344 
415 
2,327.7|1,122.4 
1,097 | gs92 
906 
320 | 134 
1,894.2] 830.9 
1,362.0} 592.5 
206 53 
220* 
eae 531 
(443) | (343 
(720) | (529) 


(282) 
7 (395) 


Values in parentheses are uncertain or have been obtained indirectly. 


* Observed in liquid only. 


+ Fermi resonance between »1 and 2ps. 


} Observed in crystal only. 


(326) 


; Crow 
(?)C, 
Cex 
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Molecule | 11, cm7!.| v2, em7?— 
CH¢. .|. 2,916.5 1,533.6 
CDiseceaes 2,084.7 | (1,054). 
0) eee 904 — 435 © 
CCh...... 459 221 
CBri...... 267* 122* 
Silledakss 2,187 978, 
SiPicsize 800 268. 
SiCl...... 424* 150* 
SiBry...... 249* 90* 
GeH, Sg eee Si) ea eae Bens 819.3 
GeFy...... (740) (200) 
GeCla..... 396* 134* 
GeBr,..... _) (234)*:. 78* 
CH.F..... 2,964.5 | 1,475.3 
CH;Cl....|. 2,966.2 1,354.9 
CH,Br....|. 2,972 1,307 
CHI 2,969.8 | 1,251.5 
SiH;Cl... .| 2,195 1,090: 
CHFs..... 3,035 1,140. | . 
CHCl; 3,032 671° 
CHBrs 3,040 541 
CHIls...... (3 ,040) f 385 Tf 
SiHCl; 2,274 497 
SiHBrs 2, 232* 358 * 
CF;Cl..... 1,102 783 
CF;Br..... 1,087 762 
CF;3I...... 1,076 743 
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TaBLE 7j-3. Some Fivn-aToMic MOLECULES 


eS | roe | RE | LTS | 


3,018.7 
2 258.2 
1,283 
ee 
756 
671* 
2,183 
1,031 
608* 
487* 
2,113.6 
800 
453* 
328* 


1,048.2 


732.1 
610 
532.8 


348 


1,306.2 
995.6 


vs, cm! 


oece eee @ 


«eo © © ©, e © 


ve Goes 
Sabre dhe ee 
pits Sea 
an harh Rte 
sie tivige Boe.c8 
Brigriten eh dees 


2 9 © © & © 8 


1,451 
1,443 


| 1,439 


952 
1,152.. 
768 

668 

581t 
600 
473* 
560 
548 
539 


Values in parentheses are uncertain or have been obtained indirectly. 
* Observed in liquid phase only. 


+ Observed in solution only. 


oeer ee 


oe ee @ @ 


eee eee 


1,198 
1,017 
954 
882 
770 
508 
256 
154 
92+ 
179* 
111* 
356* 
305* 
265* 


7-151 


CONSTANTS OF POLYATOMIC MOLECULES 


dnoi3 
yulog 


"ATJOOIIPUT paureyqo useq eABY JO UTB{I20NN 


“AJUO PINDI] Ul poasesqg » 
O18 Sassy jUoIVed UI Sante, 


(009) | 996 | O€F‘T) 666'2 | FOL | 808 | O2O‘T | geet} gzr‘t | zo9‘%| 6989's] Oe‘ I HS*HO 
OL2 | Tat’ I) Sov'T) (226°%)| PEO'T! 9c0'T) Ope't | (oer‘T)| 2er‘T | pp8‘z! 226'% | zeae | HO*HO 
See eile wee coy") (028) 0°O8T TO 6SH‘T |e F10‘e 19° FF6 fo OTF‘ TIO’ 99T‘z [8°996'% | ONT 
ae ef — ‘O° T9E jO' THO T/O'FSh'T [0° 600's |6°616 [0° OOF‘ T/g 298‘ |e°G96's | NORAD 
096 | G22'T; 209‘T) 26Z‘E | ogee‘! (sez) | O82 |. 28 860'T | e6h'T| (CO9T‘S)| Szete fo ge 
cGL | S9S'T] O88 | 6PA'T J 089 | 00S FELT | "| 88°] 818 O9E ST rt “"FORN 
ei gsie asta Wega he (£19) ee ee ae eT ° gies eee eye! eee ae Fe OS. ars #812 «SPL £9FZ ‘1 #8L9'T £¥80‘'& Tc Beez suBIy 
eee (09%) | (€29) Jo esse foo] e60T | e089 | OST ST «V8S'T | «F80°S | 2ag@qsO sto 
+900 | +988 | «228 | «969 | +S90'T} +801‘ +899 | eP8T | 429% | e6L8‘T! e869'T *€Z0'E | *100°0°H 
+ 99S #L18 | «00Z‘T| +080°E | +8S2 *66T. | «968 — «x 60€ x VVS #OLZ'T] «91G'T | «TZ0‘@ | *10°H’O suet} 
«L69 | «IZG | «8h8 | «P6Z°T | «220‘8) 2907 | +928 A «TTL *6LT'T] #289‘T | 4220‘8 [oo ADHD 810 
«89h | +b48 | «G28 | «882 +880‘T| «O€I‘) «989 +662. | +109 | «IGE'T] «919'T | 2980'R 100'0°H 
19 108 | 88h | 996 Z0E ‘ 1/8" 660° €| 06g Osg |€° Sz OP‘ TIS 8ZL‘T |esco'e |°°° matin *10:0°H 
So Se! Ye Ger ce Len, | 8 ce oeh ewe. tee ata os RO Sone eyes «£9F «TIZ £988. . pT 499% +9PS ‘T ae as Sey ieee ee fey se Gs *hagey 
+818 | S16 | «PGT | 282 | «219 | «882 | e2bE | 000'T | (Get) | eee | alee | agit occ "10*O 
8G | 98I'T] (GrZ) | zee‘T | OTS |.20F | Teg (OOT‘T)| (O12) | Fee | SzZ GIB [| SLs eee ft 70) 
6°LL0'T/6°008'2) (988) | ghE‘e | O82 |O'OzL | (600‘T)] soe’s | (9zz) | I86 |- eTe‘t 19a °Z ca rare Keizo) 
G ehh 1G 686'Z/e O18 jssor‘e | ere jiz'6re | (9ez'1)| sot‘e | (2z0‘D) I eEe‘ tie: ezo‘T €°610°E Ned See "HO 
ached (ei yor (18%) 089 | @8h | 229 0z0'S | 6ze's | $48 | HBI‘Z | (€62‘8)|"*“HO=O—O=0H 
_ Ud —UI9D mm 89 £9) _ Ud _ UID _ Wo _ Wd 13004) 09 69) . Ud UID _Wo 
ae ae "ite ‘64 ; 684 ‘ha ‘ ‘94 ‘oa . 4 ; ‘ea : ‘Za : ‘la a[No9fOP 


SHTOAOTIOW OINOLV-xXIg GWOg ‘F-[, TIavy, 


7-152 


7j-3. Rotational Constants and Geometrical Parameters 
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TaBLE 7j-5. Triatomic LinEAR MOLECULES 
ee NI Rd Se een le Pe i ee Bey earn ae ee ce ee 


Molecule Bio\, cm7! Pent Geometrical parameters 
group 
Br?CUN14, ow... 0.1374348 
Br7?C#N14, 1... 0.1358729 | 
Br7Cl2N15. 0... 0.1315857 C ees = 1.790 A 
—Br81ClNH oo... 0. 1366539 =" Ilro(CN) = 1.159 A 
Br8IC13N14, 11... 0. 1350802 
Br®IC2UN1 ll... 0.1308165 
C1BCUN........ .| 0.199164, 
C15C13N whe B Sites de hance 0.198129, ro(CCl). ae 1.629 A 
C136C12N 1.22... 0.19707 Cz a (CN) = 1.163 A 
Cl7CBN. 0.2... 0.195043; : 
C17C1N. 2.1.6... 0.193957. | | 
Cx0 ie } D., |ro(CO) = 1.1621 A; r.(CO) = 1.1601 A 
Dig! Se See ea ares B. - 0.39155 ooh 0 . 7 fe . 
C13Q2........06- 0.39037 Dz. | ro(CO) = 1.1618 A 
(CO2)t.......... 0.3806 Dax |T(CO) = 1.177 A 
COS Fishin clngeen ne’ 0.1092 D zn |ro(CS) = 1.554 A 
1.47823 
HOUN. 2... eer 
HC}33N.......... 1. “43999 ¢ 1 eine = 1.064 A; r.(CH) = 1.0657 A 
(oe . 20775 -” I(ro(CN) = 1.156 A; re(CN) = 1.1530 A 
DC#YN.......... 
= 1.2118 
DCBN.......... 1.18708 
TI7C?N 1.2... ..| 0.1075935 | C {rien = 1.995 A 
I@7C¥BN 1... 0.105974 ae ro(CN) = 1.159 A 
0.4190113 
Not#O.... 0.0.6 rs = 0.42118, , 
N¥N150, 0.4189819 C oe = 1.126 A;re(NN) = 1.126 A 
rr {9 404856: ** |\ro(NO) = 1.191 A; r4(NO) = 1.186 A 
—. B, = 0.406935 
N2O.. 2. ee 0. 4048592 
O16C 12632... . 202857 
OMC 13832. . 2022025 
O16C 12833 de. . 2003016 
O1MC12634, od... 0. 1978971 
OC 12635 ll... . 1956134 
OC 12836 . 193456 @ Sea a = 1.1687 A 
Ol1lC188 34, .197194 oid ro(CS) = 1.5584 A 
O1MlC M4632, 0... .201581 
O17C12632, . 196258 
O18C 12632... . 190292 
O'MC1H2G34 . 185458 
era uae a re reddectoa . 189829 
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TaBLeE 7j-5. TrriatomMic LINEAR MOLECULES (Continued) 


Molecule 


O'MC12G8 674. 
O16C 12Ge76 . 
016C12Ge77 ; 
O16C12G$e78 ‘ 
O16C 12Ge79 . 
O16C 129 e880 i 


O 160) 12S e82 : 


O16C138¢e78 | 
O16C.13Ge 80. 


eo «© @ 6 we 


ee @ we we 


o ee ew 


S32C12%Se76 


S320 12Q@77 


S32C12Ge78_. 


S32C 12S @80 . 


ey 


S32C12Se82 


Te 12212932 
Te123C12G32 
Tel24C. 12932 
Te 12512932 
Tel26C 12932 
Te128C12G32 
Te130C12G32 


ese ee we ee 


see ec ew 


oot wae 


Bio), cm 


0. 1366207 
0. 1357092 
0. 1352700 
0.1348418 
0.1344213 
0.1340151 

0. 1332256 
0. 1335960 
0. 1327598 
0.068387 

0.068124 

0.067757 

0.067276 

0.066773 

0 .05284053 
0 .05273373 
0 .05262935 
0. 05252595 
0 .05242459 
0.05222612 


0. 05203361 


1 


Point 


group 


Coop { 
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Geometrical parameters 


ro(CO) = 1.1588 A 
ro(CSe) = 1.7090 A 
ro(TeC) = 1.904 A 
ro(CS) = 1.557A 


TaBLE 7j-6. TRIATOMIC, ASYMMETRIC TOP MOLECULES 


Mole- - = “ Point 4 . 

Sule Ajo(em™) | Bro}(em-!) | Cyo}(em~!) eeu | Geometrical parameters 

aw th a 
ClOz...| (1.740) (0.3242) | (0.2733) | Cr | | | 
HCOe gt Satdisend 1.495 1.401 } 3 face) = 1.08 A (assumed) X HCO = 118° 
DCO...[ ........ 1. 282 1.172 e ro(CO) = 1.193 A . 
30 fe 14.512 9.285 . 

“TL A, = 27.33/Be = 14.575 10. = 9.499 i Hila = 0.9568 A; So(HOH) = 105°3’ 
HDO..| 23.40 9.096 6.418 Cs re(OH) = 0.958 A; X.(HOH) = 104°27° 
D20..../ 15.38 7.25 4.835 Cr 
H2S....] 10.373 8.991 4.732 Cov } = _ eee 
HDS...| 9.683 4.843 3.140 c, J| (SH) = 1.334 4; {HSH = 92°16 
H2Se...| 7.77 3.83 } _ 

Dise. | 3.8, go 4 | seeeders Cw |ro(HSe) = 1.6A 
NOCI*.| 2.8448 0.1914 0.1793 } C 
NOCI?7.| 2.8538 0.1868 0.1753 ‘ 
ro(NO) = 1.18 “| Sere 
3.175250 0.395070 | 0.350524 | Cc. eae = 152 A XONF = 110 
Coat 3.55345 0.445276 | 0.394749 | Ca | ro(O’O) = 1.278. A; XOO’O = 116°49" 
2.02396 0.344161 | 0.293519 | Cav | ro(SO) = 1.433 A; XOSO = 119°33’ 
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-Tasie 7j-7. Four-atomic LINEAR MOLECULES 


Molecule Bioj, ¢m7! Point i Geometrical parameters 
group 
el ae a a a 
1.17692 
Ces. hiss yee eee t = 1.1838 Dok 
C:HD per C ace = 1.2080 A; re(CC) = 1.2010 A 
ieee da Be = 0.9967 | “”” ro(CH) = 1.0578 A; re(CH) = 1.0637 A 
(0.84787 | Doon} | . 
CiDey cede cesar esse { Be = 0.85075 |. | 7 | ; 
Oa Nn siks ied SE eae 0.15752 Der |ro(C—C) = 1.380 A; ro(C==N) = 1.157 A (assumed) 
HCa4Cl35.........065- 0.189606 | | : 
HCo!2Cl37, 0... ee 0.185874 re(CH) ‘= 1.052 A 
Crow ro(CC) = 1.211 A 
DCo22C135........2000- 0.173020 Cae rar 
DCo!2Cl87,.0... 22. ee 0.169592 ro(CCh = 1.68 | 


TaBLE 7j-8. Four-ATOMIC SYMMETRIC AND SpHERICAL TOP MOLECULES 


Molecule Ajo) or Cfo}, cm7 Bio, em7 Geometrical parameters — 


ro(AsCl) = 2.161 A 


AACE. out su asennad 0.071623 
AsCla??... |... ee eee eleasaast F g6ao0s | { X(ClAsCl) = 98°25’ 

ro(AsF) = 1.712 A 
Raia cedas | saan Deore 0.1961011 { haat) =. 102" (assumed) 
Re Hieodsde | Made oesae nek eees 3.723 x ; , 
ABD fice lh uctalore oe voces. | 1,896. \ { ro(AsH) = 1.523 A; {(HAsH) = 91°34 
BFs:...... Ajo} = (0.17s) | 0.35 ro(BF) = 1.291: A 
NB ieccovill pautceeeand atte 0.356282 ; oer 
Withee ict lvsiasalessteers< G aeiaee | {ro(NF) = 1.371 A; {(FNF) = 102° 
NHsz...... A = (6.24) 9.941 . ; ee 
ND:...... A = (3.157) 5.138 \ { ro(NED 10% A; {(HNH) = 106°47 
PC. sisece sees 0.087297 ro(PCl) = 2.043 A 
PCPs cal Nea eakadecsstoes 5 oaret { X(CIPCl) = 100°6’ | 
PPas2.cunacl gathers 0.260847 ro(PF) = 1.535 A; X (FPF) = 100° (assumed) 
PHs....... C = 3.87 4.446 ro(PH) = 1.424 A; {(HPH) = 93°50’ 
PH:D.,... & 7 oo 0.776956 | ......--- ro(PH) = 1.4177 A; X&(HPH) = 93°21'36” 
PHD:..... z . C = 0.284657 | ........- ro(PH) = 1.4116 A; <(HPH) = 93°15'24” 
SIC cal Ouawieaer ees 0.05850 = _ | 
Shiels! sci) eawisie cetomeces 0.05840 } ro(SbCl) = 2.825; L(CISbC) = 99°30" 
SbHz...... Cio) = 2.80 2.94 23 , 7 
cle gah eae eae ot eS { ro(SbH) = 1.71 Ay X(HSbE) = 91°80" 
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CONSTANTS OF POLYATOMIC MOLECULES 


SATAOFIOW dOL OWLAWWASY OIWOLY-un0g °6-f) adv], 


je aa UB A ~ z 
- WH 8PT = (00)% e. eee ee 990 OT 
a . : 
ee ($9) = M)ZI28t'0 = (0+ gz 
: 7 V 8eT2'T = (ON)™ = )99281'0 = (90+ g)® 
9ToSET = (ANO)¥% ‘V €00°T = (CN)% . 
_ a M) 0961'0 = (0 + g)# 
V 6099°T = (§0)% (0 = M)Z016T'0 = (0+ gz 
V 8SIZ@T = (ON)™%$] *9 (0 = w)Sze6T'0 = (0+ g)# 
ST.08T = (ONH)S (ye S10°T) = (HN) ee = M)29961'0 = (0+ g)4 
= 3)€0S61'0 | (1 = ¥)8Z96I 0 
| VIUIT= (O00) % store 0 = (0+ g)® 
(poumnsse) (,081) = (COONs | “VW LOST = (ON)%}} 89 | posse 0 = (0+ @)# 
0881 = (ONH)¥ ‘V 1860 = (NH)%™ 2999¢'0 = (9 + Mt 1g °0¢ 
GE1T = (WNVNH)% {V FET = (NyN)% ress O° : ig sh z 
V OFT = (N,N) ee ee 
(poumnsst) (6081) = (,NNVN)% $V 1Z0°T = (ELN)% alee i caamg ce 
uN NUNH OFF8E'0 = (0+ @)4 | 
: : 00¢268°0 = (0 + g)# 9FE 02 
Ou 
o81T = - (HOH)¥ {v . oe \) stg "SPST T °€G6 T SOOTr 6 
168018 = (HO) % SV 869'T = (AIO) Wty { OFSFIT'O 9E8EST 0 lZpSsr 0 
SSFLT = (IOMS SV 869'T = (qIQ)u “AIO 6E0STT 0 OgsEst 0 ELGRGF ‘0 
#9 Z9PF6I 0 cc6E'O = I~ V 
5 { FOLL8L0 0 SFLZI1 0 OFFZ9Z ‘0 
6E9F080 ‘0 9800ZI 0 IF 1F9% 0 
SIayoUIBIEd [BOLIaUIONL) ons 1-9 ‘fol 4 1-UI9 ‘[0] 7 1—U9 ‘l0] yy 
: qulog = | - = 


oe ee em ew ww 


ee ee er ey 


ee 


ee ee ee ee ee er ey 


seSerOriNC 
rtrteeees a NG 


seSerOrr NH 
reSz1O0rr. NH 
eeSzr0vr NH 


seSz1 ot NH 


OOnNd 
OO: NH 
OOnNH 
se nner a3 \\( 6 | 
rtNerNstNH 
rtNerNerNH 


oo fe © © © © @ 6 
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7-156 ATOMIC AND MOLECULAR PHYSICS — 


TaBLEe 7j-10. Frve-atomic LINEAR MOLECULES 


Point 


Molecule Bio, cm Geometrical parameters 
group 
ee oom ae et es ae a eee ree ee 
HCYVCrCwN'4. oo... 0.151740 
HO2C2CN14 22... 0.151112 
HC?CBCUNM, 2.1... 0.151099: 
HO#¥CYCUN14 ee ee 0.147050F | . 
HGvVCVCUN. 1.2... 0.147332 C ro(CH) = 1.057 A; ro(C=8C) = 1.203 A 
DCYUCHUCUN' ols... 0.140817 as 17-0) = 1.382 A;ro(CN) = 1.157 A 
DCVCUCBN'M. ....... 0.140181 
DCGBVCBCRNI, LL... 0.140350 
DC#BCBCHBNIA, ....... 0.. 137002 


DCUCRCHUNI, 12... .- 0.136775 


CONSTANTS OF POLYATOMIC MOLECULES 
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TaBLE 7j-11. Five-aromic SyMMETRIC AND SPHERICAL TOP MOLECULES 


Molecule 
OUSBEN ose are nel en Mavic uae 0.069984 
CBB ego foe al|\ ae ect oe os 0.069331 
0) 1 0 Seer re eee 0.111262 
6) |) ©) LL Seen renee ern) eee ne en Ca 0. 108458 
0) 2 eae ne eee | RO gee Oe 0.050809 
OA keno ase Sel canine song 5.249 
OCHSD vttcgret ada) tals ee cr ng) 3.878 
Circ Ge ool alert 8 far ae 3.278 
OD ions Ree go hale odes 2.647 
CH seen ston al ee cen a eouud: 0.041616 
CHB Rtg ccstic5 lute el ae cba isan cn 0.040605 
CODB rs”. oe ovcccis cn |eceden's coeds 0.041344 
CDBr3®l .............| ............. 0.040345 
C2H3Br?.... 2.2... A (0; = 5.082 0.319167 
C12H3Br81,.. 0... A jo} = 5.082 0.317953 
0.0); £):) 1) a este 0.304194 
CHEB Oe. oor a eu) eae 0.302971 
C2HD.Br?. |... 2(B—C) = eevee 
C2HD-Brsl.. 2(B — C) = 0.010489 
CUD Br? ois os | hecdawek Sonus 0. 257330 
CUD BES og oo cskGcl tae ey acu 0.256218 
6) 51 ¢) Feeney | ent ene ee 0.110141 
6): | 6] Fae ey een (nat 0.104389 
6) 0 6) FS eee eel [eee nee 0.108414 
CHCl... | Ajo) = 5.097 0.443402 
CUO ee natant | xuceuccodda cea 0. 436574 
O21): FO) A 0.426835 
OMCs cv olynad || Ace ageehecs Ba 0.419957 
O76! DE GL. Seaman Renee te Rane nee eee 0.361647 
CEDROCDY Jac di eeeall dQtek wae vages 0.355528 
CH3Cl. | eee 0.439892 
ClH2DCI5..... 3(B + C) = 0.41125 
CUH2DCB’. 1... 3(B + C) = 0.40471 
CYHD2CI5. 1... Co} = 0.37935 0.38965 
C#23HD:CI’... 1... 3(B + C) = 0.37816 
CM gees testes ical Sy xe ple tance fe 0.345196 
CED seco .uys tl a dee one cons 0.330940 
CN gleaosccains sate Cakes nGeeae 0.347640. 
CUHBF............., A fo} = 5.100 0.851785 
CBHSF......... 6... <) Guaweeres eee 0.829318 
CUDsF...... 2... fee. sees eee | 0.682132 
CHI... 02.2... Aja} = 5.077 | 0.250215 
02 2 £1 (meee ee eR ne a 0.237465 
LOL DL) [Eze ever Lee na eee eNO 0.201482 
CRAHDe!............ 2(B — C) = 0.006519 © 
GeFs19C}8 lt eee 0.072334 
GeF39CI7. || wee eee 0.070320 
Ge?F319C]35_ i) aetara Genta thee 0.072301 
CT OL, 0) a 0.070283 
Ge™@FS9CI5 | owe eee 6.072270 
CCL) OF On 0.070248 
Ge Hiss Kise dasa Phase) en! 2.87 
Ge”HsBr??,. 0...) olen 0.081342 
Ge”HsBrot, | oe eee 0.080395 
Ge?H3Br?7?,. 0.0...) oe 0.080269 
Ge PHB oie) ool Beek eoe a 0.079322 
Ge™*H Br? | oe. 0.079251 
Ge™HsBr8l.. el} eee. 0.078303 
Ge'SH3Br?.. | ool. 0.078282 
Ge7HsBret. et eee. 0.077332 


Ao} or Cjo},cm=|_ Byo}, em=! 


Point 
group 


Ta 
Cav 
C0 
Ta 


= 
3 


Ta 


Geometrical parameters 


oe = 1.33 A; X(FCF) = 108° (assumed) 

ro(CBr) = 1.908 A 

rich) = 1.328 A; (FCF) = 108° (assumed) 
ro(CCl) = 1.740 A 

eat = 1.83 A (assumed); FCF = 108° (assumed) 
ro(CI) = 2.134 A 

ro(CH) = 1.0931 A 

ro(CD) = ro(CH) = 1.0936 A 

ro(CH) = ro(CD) = 1.0919 A 

ro(CD) = 1.089 A 


ee = 1.063 A; <(BrCBr) = 110°48’ 
ro(CBr) = 1.930 A 


{ro(CBr) = 1.9391 A; X(HCH) = 111°14 
ro(CH) = 1.113 


frfCBe) = 1.9391 A; X(DCD) = 111°26’ 
ro(CD) = 1.104A 


{ro(CH) = 1.073 A; X(CICC) = 110°24’ 
ro(CCl) = 1.767 A 


{refCC) = 1.7810 A; <(HCH) = 110°31’ 
ro(CH) = 1.113 A 


{race = 1.7810 A; X(DCD) = 110°43’ 
ro(CD) = 1.104 A 


frie) = 1.008 A; X (FCF) = 108°48’ 
ro(CF) = 1.332 A 


Sees = 1.10. A; (HCN) = 110°0’ 
ro(CF) = 1.385 A 


fice) = 1.106 A; {(HCH) = 111°10’ 
ro(CI) = 2.1396 A 
ro(CI) = 2.1392 A; ro(CD) = 1.104; X(DCD) = 111°37’ 


(cee = 1.688 A; X(FGeF) = 107°42’ 
ro(GeCl) = 2.067 A 


ro(GeH) = 1.473 A 


ro(GeH) = 1.55 A; X(HGeH) = 112°0’ 
ro(GeBr) = 2.297 A 
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Tasiw 7j-11. Five-aromic SYMMETRIC AND SPHERICAL ‘TOP ‘Mo.ecu.ss (Continued) 


Molecule 


Ge7HCl3*5........... 
Ge”?HCl18........... 
Ge74HClg%8..........- 
GeHCl3?7........... 
Ge7#HCl337........... 
Ge™HCl337........... 
GeH,Ci35........... 
Ge™4H;Cl3§........... 
Ge74H;3Cl37........ te 
Ge7*H3Cl37.. 1.2.2... 


Re!8Q,C}5,......... 
Ret8503Cl87.......... 
Rel8703;C}35.......... 
Re!87Q3Cl37.......... 


Si#8H3Br7? 
§i28H3Br8! 
Si2H,Br7 
Si29H;Br8t 
Sj20H] ,Br72 
930 ;Br8l 


Si28H3Cl35 
SitoH ,Clss 
SiH 3Cl37 


Pr ee oe 
ee ee 
ee 
ee a 
ee a 


Pe ee ee 
A 
oe eee eee eee e ® 
see eer eer ee oe 
Pr ee 
ee ee Od 
ooo werene ene ef «eee er eer ee ere 
Pr ee 
Pree ee ee 
re ee 
ee ee 
Pe ee 
ee 
re 
re 
«eee wow ee seve 
Pr 
re ee ad 
eoeee oe rere se vevreeeeeeen & 
ese aereveeceeoet eee eevee vr eer eee 
peewee erwneoewe ef one ee eeoenae © 
oo eto ar eee eee 
en eeceoerenenerr ft coer eeere ene e 
aac eeeeeeer lt cee reves eveee 
peewee se reer f corer ererrree 
eee e ern ener ft ee tener eeeease@ 
eset eee ewoeoet ce ereresreeee eee 
eves sean ceet serene eeeseers 
seer ecw soe | severe verren& 
Pe ee 
Pr ee 
ae eee emer enor fs ce eee ereeeer eee 
ecw eee enereer ts cere errr ree ee 
een ereonensee tf eer eerer eran e 
aeeee werner e tf ce ee eee eee eee 
or eee eee weet oor eer errr eee 
So seice erga eee e Gee cen acee ge eco s iece 
eoee eee e or] seer steerer erere? 
eevee evnseree} +e ee eoreereee et 
rd 
re ee ee 
Pr 
Pe ee ee 
ee ee ee ee ee a) ee 
eeereesnevesef seer reeerrer? 
eeeeceeensnef coe erereeeee® 
aac r en eone eee 


eevee sneoorae 


eoeseeveeeen] seer eereeere ® 


Ajo) or Co}, cm! 


_ 0.137431 


(0.21634 
0.21723 © 


0.240432 


ATOMIC AND MOLECULAR PHYSICS 


Bio), em" Geometrical parameters 


0.072475 
0.0723586 | 
0.0722445 pete = 2.1139 A; {(ClGeCl) = 108°17' 
0.0688389 ro(GeH) = 1.55 A 
: 0.0687284 } 
0.0686207 
‘0. 146828 
0. 144563 bck = 1.52 A; (Ge) = 111°4’ 
0.139359 J] ro(GeCl) = 2. 147A 
0.13831 
0.137732 
olla fr) = 190 As {CCPC = 1087 
0.064457 ro(PO) = 1.45 A 
ace Hh len = 1.52 A; (FPF) = 102°30’ 
0.146610 ro(PO) = 1.45 A 
oe oe 
0.045702 | re(P6) =.1.85 A 
soa | fraPP = 1.53 A; X(FPF) = 100°18’ 
0.086052 ‘ro(PS) = 1.87 A 
0.069856 oir 
0.067547 teed = 1.761 A; {(OReO) = 108°20’ 
0.069834 ro(ReCl) = 2.230 A 
0.067525 
0.051702 \ (roi = 1.560 A; X(FSIF) = 108°30’ 
0.051173 ro(SiBr) = 2.153 A 
0.082650 , ead = 1.560 A; <(FSiF) = 108°30’ 
0.080491 ro(SiCl) - = 1.989 A 
aay } ro( SiH) = 1.4798 A 


0.144159 
0.143187 
0.141196 
0.140220 
0.138409 


(ee s= 1.57 A; casi = 11°20" 
: ro(SiBr) = 2.209 A 


0.0824732 
0.0782564 
0.22261 


ee heer ae 
ro(SiCl) = 2.021 A 


3 frasicn = = 2, 048 A; <((HSiH) = 110°57' 


eee eee = 1.50 A ee 


0.19715 
0.19303 
0.19256 
0.240021 vee 
0.239622 
0.477927 
0.473550 
0. 469411 
0. 408732 
0.406150 
0.403685 
0.10726 


{rsSiF) = 1.565 A; X(FSiF) = 
ro(SiH) = 1.455 A (assumed) 


ocular = 1.503 A; <(HSiH) = ai) (assumed) 
ro(SiF) = = = 1. 503 A” 
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CONSTANTS OF POLYATOMIC MOLECULES 


iL¥006 = (ASH) ¥ ‘OLS = (7g) G6989T°O | LTZ69T'O | FHPTAT'O [oe 
8E0661 = (OSO)¥ ‘OLET = (Og)%4SI |< 06989T ‘0 LLEGOT'O | FPPTLT'O [oe A°OzeS 
. | | . (Cae) L9GFE ‘0 | 16668 (0 ; 'eC'Z i H°O0H 
a ‘ eo 0,). ¢ . ao. 

ads and , - pa ote 5 ssoe'0 | zece'o | tegg'T fecccreece rete eee eee batHTO 

. CABIP “9819) ZIT = (HOH) ee) ee A eee! | ee ee ee : 
(poumnsse) y 992°T = (190) SY TI6'T =-(aqco) os . “£68°0 = 5 +g v| on oe ee 
; 0P260°0 | = =99990T'O | 099820 Jo se1Ose10*O 
$8660 ‘0 S601 0 QL68L°0 ft se710°CO 
im - me _, $4860'0 | E2010 P9EOG'O Pt te10seIOGHO 
,_ OoBIl = (HOH) ¥ *V 890°1 = ee . — OLOT'O | OTTO | a06°0 Porte: 2*IOGHO 
AVOTTE = (OOM) & FV PBLL'T = (100)%5 | 39 | €1260°0 | sp0t'O | zegorE foie eee 1"10*HO 
; | | a 4L9660'0 | 622010 | 2hE89O'T [ott ssl se10*HO 
b201'0 | 920IT'0 QPLOO*T [ttt tee s"10°HO 
on ae eee | |. oszaez'0 | zezsoe'o | occ | er eee -Qorgg 
VIS = (90) J tree) V Or'T = (00) 4 Ze0908'0 | O62TZE'O | chic feet eee eee OOdHD 
o0' 221 = (HOH) -V¥ SLOT = (HO)*4 us1oee'0 | | 1LbeEre'o iL 4 tes gece eee widen EE PEG ete 00*HO 
(ABI 0979) .ZIT = (HOH) * ‘V 206° = (agp) 1280 = | er = v | Me eek? ee era ‘Ig*HO 


{Wd ‘lol ,—UIO a 4 . 


a[noajop 


7-160 ‘ATOMIC AND MOLECULAR PHYSICS 


TaBLE 7j-13. Srx-atomMic LINEAR MOLECULES 


Point 


Molecule | Byo, cm~ 
group 


Geometrical parameters 


eth Sat cies a gb Ue ee ee 


ro(C—C) = 1.375 A; assuming ro(C==C) = 1.207 A 
and ro(CH) = 1.060 A 


C.He..... | 1.14641 Den 


TABLE 7j-14. Srx-aTomic SYMMETRIC AND SpHERICAL TOP MOLECULES 


Point 


Molecule Bio}, cem7! ecoue Geometrical parameters 
ee a er er ene nei es een 
BYH;CO........-- 0.299538 
BUHsCO....0.6- ++ 0.288773 [rac> = ak = 
BYD,CO "| 9 251188 [a> = 540 A; X(HBH) = 113°52 
BuD,CO.......---| 0.244721 ro(CO) = 1.131 A 
- es = 1.335 A 
ne aia an o eceeti \ Cv [cr = 1,158 A (assumed); (FCF) = 108° (assumed) 
3 ae ee . ro(CC) = 1.464A 
CH CUN',...... 0.306840 
C12H,CN15,...... 0.297599 
CuH:CUNM,...... 0.306688 [risen o1 a 
OuH,CUNM, ......| 0.297977 Cw(?) {rica = 1.460 A; (HCH) = 109°8 
Cup,CuN,,..... 0.262112 Ce a es 
CxD,CUN,...... 0.261798 
CHsHg™Br*t..... 0.03754 rtheBo 5 2.408 A i ows 
CH;:Hg™Br™..... 0.03803 Cw {acon A (assumed): 
CH;He™Br!! 0.03743 &{(HCH) = 109°7’ (assumed) 
pee ro(CHg) = 2.07 A 
CH;Hg'8Cl35...... 0.069296 
CHsHe!**Cl7......| 0.066918 
CH:Hg'Cl8...... 0.069286 | : 
199 37 
eect oe. rap ese frien = 1,092 A (assumed); X (HCH) = 109°7’ 
CHsHeCl?...... 0.066895 [cite aie 
CHsHe2°Cl5,..... 0.069255 ee ees 
CHsHg2Cl7...... 0.066872 
CHsHg?Cl3§...... 0.069234 
CHsHg2Cl3?...... 0.066849 
CH;NC!2......... 0.335328 _ 
CH;NC#......... 0.323420 fic meen ek, 
CD.NC!........ 0 286266 Cse(?) jie = 1.427 A; (HCH) = 109°46 
CD:NC®.......-. 0.276150 eNO) 1S 
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CONSTANTS OF POLYATOMIC MOLECULES 


are eee CC 
(pownss’) .00T = (OSH) ‘V SI8'T = (gO) Pr oe ee ee | ence ree 
(poumsse) ,82,601 = (HOH) ‘V #81 = (HSH * { ee EO leet ee a 
V 620°0 :dnoiz *F7O Jo sixe AryauIUIAs WOIs W108 Q jo s0ue4sIqQ | 
V 4860 = (HO)™{] | | Bee etc ate the, Secchi ; 
08601 = (HOH) ¥ ‘(poumsse) y g60't = (HO)~4(| 9 | oe!) HO'HO 
/9G.901 = (HOO) ‘V FEF'T = (O—O)) | 


S) 


‘O | o8zot'o | ofgoTo0 | fret ttt IHO*HO 
"9 { LISLT'0 | &6961°0 ee seas Paes 21OHO*HO 
E9I8l'0 | 9IT0Z°0 an pees ae *elOHO*HO 
" { PISSE'O | POSETO | frrt ttt iwG@HO*HO 
P88ZI'0 | S88EI'0 een elG@ HOFHO 
ty) { T9LZ11'O 0629980 Jo 21D AO*HO 
CZOSTT'O oossss'O fc elOdO*HO 
(WV Tet) = (00)%) | | | | 
(O11) = (4Od)% ‘(WV 81) = (AO) 4) “0 | Teszt'o 86998°0 jo = *AO*HO 
(OTT) = (HOH) ‘(¥ 20°) = (HO) | | 
V &oe'l = een | 7 (*Zg9 0) ys | a a Tete) 
/SS06TT = (HOH)® *V ELOT = (HO) . 116 '0) LOR Ne eee "HO 
, dnoxd 
Sloyourered [BolIyaUl0V+) W104 119 ‘ly | ;_wo ‘lg | , wo ‘lp a[Noofoy 
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7k. Wave Mechanics 


7k-1. Fundamental Relations. A mechanical system is determined by its Hamil- 
tonian H(q;pit) which is a function of the f coordinates gq: and their conjugate momenta 
p;. The quantity fis the number of degrees of freedom. The Hamiltonian may or 
may not contain the time explicitly. | 
The wave equation 


He = —in 2 “¢ _ A) 


is obtained by eanceae H an operator in whieh De = ania /dqs) (h = h/2r). If 

H(qi, pz) represents a. conservative system (does not contain the time explicitly), 

one can write | | 

| — O(qist) = eH OrW/ey (gy) ~ (7-2) 

This changes. (7k-1) into ~ 7 : 
| = Hv(q) = Wea) — (Tk-8) 


The task of wave mechanics is to find the solutions of Eqs. (7 k-1) or (7k-3) with the 
following boundary conditions: y must be single-valued and it and its derivatives 
continuous everywhere. At infinity y must remain finite. The integral Slw|2dr over 
a finite part of the configuration space should not be infinite. If the integral Sly |2dr 
over the whole conteuration space exists, the ve can pe normalized so that. 


ei) Wide = 


7k-2. Special Solvable Systems. “The wave _— can be solved in terms of 
known elementary functions in only pene few cases. The following are some of 
the more important ones. 

CaO raen ona motion of particle in potential V 


| my yy = 0 (7k-4) 
1. Free particle V = 0 2% | 
: os oO y= O22 (7k-5) 
yb = Aeies/D + tee Ww _ Pz? 


. 2m 
all values of # > 0 allowed 7 
2. Harmonic oscillator V = 292w*ma? . 


5 aoe }2 > (E me 2a *w2maz?)y = 0. (7k-6) 


2 
vie) = 2° Col) hehe tote) at = ame 


h 


where w is classical vibration frequency and H “(2) Hermitian polynomial of order v. 


= (y 4 Deh v = 0, I, 2, 
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3. Morse potential V(r) = D[1 — eBle~ee)]2 


WN) cer 


i” et 41 2 
; =hw (v0 +5) -4 +5) 


with w = (8/2r) /2D/m | the classical frequency for small amplitudes. “The wave 
functions are generalized Laguerre functions. | | ee 
4, Teller-Péschl potential 


w>l 
= Werf ory —1) ire 1) | y>1 
ve 2m sinking —To) cosh? a(r — ro) | a>Q0 (7-8) 
‘ Ton r< w 


yo = Ko sinh’ a(r — ro) eer a(r = To) 
v- 


Wo _ Kw » sdk sinh2# a(r — ro) 
k=0 abs | 
st a re | z 
a ey v= 015 2, oes 


The Morse curve is a special case of the Teller-Péschl potential for wish y—> 0, 
uw © with np —:» fixed; r9 > —-0. ; 
5. One-dimensional rotator 


dy o1W 
do? * h2_ 
¥(6) = A cos me + Bain me m = 0, 1, 2, 3. 
ey | 
a 


¥=0 %=momentofinertia |= = = — (7k-9) 


6. Two-dimensional rotator (0, ¢) 


ai " (Tk-10) 


1 
sin 6 a ng a) + gin? 6 Ea 6 a | 


Vim = Pp» s(cos @)etim? J = a 2,3 
Im) SJ 
Ws = “J (J +1) © Jh = total angular momentum (7k-11) 


mh = its projection on z axis 
Every state is 2J + 1 fold degenerate, | i 
7. Symmetrical top 
1 0 , A 0*¢y esas 
sin 000 sin 6 30) + anv (36 aati) YT Gaye ta y = 0 (7k-12) 


Ah angular moaenean about agire: axis 
“vO, x)= eti(mP+ dT (yu) 


where u = cos 6, mh.component of angular momentum along z axis, Ah component of 
angular momentum along symmetry axis. U(u) satisfies 


1P. M. Morse, Phys. Rev. 34, 57 (1929). 


. : eet “ 

i ft at ae . 
Lage get, 
qa os t 
{ Oe x a a 
{ ae 
i fi 
pot 
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(1 — wu?) a — 2u(1 — u?) ae + [DQ — wu?) — (A? + m?) + 2AmulU = 0 


_wiPJVJ +1) — A A® ae _ 2AW | _A 
w-5(—-— 7 +2 | with D : Y: +(1 a) me? 


Up,Am = sin? ; cos* 5 Go ( +s -+d,1 +d, sin? 3) 


a is equal to |A| or |m|, whichever is larger; s = lm.+ Al; d = lm — Al; p = J — @; 
G, is the appropriate Jacobi polynomial. 
8. One-center problem 


Vee | (7k-13) 
Spherical coordinates = r, 0, | 


un = mM /(m + M) = reduced mass; m = mass of electron; M = mass of nucleus. 
For W <0 7 | 


V7 8,6) = R(r)@(6) a= emt 
(21 + 1)@ — m)! sin” 6P1(cos @) 3 (normalized) 


99) = 2 + m)! 


P, are the associate Legendre polynomials (see 7k-3) 


iC ee oe |). es ie ee ee 
Rawlp) = ed Dine ple 6/27 +} (p) (normalized) 
where L7'+} is an associate Laguerre polynomial (see 7k-3) 


a= aa = radius of the first Bohr orbit 


pe e 
| _ _ vet Z? 
Wa = Qh? n2 


For W > 0 all energies are allowed; wave functions, see Bethe (1933). 


7k-8. Often-used Wave Functions 


1. Hermite polynomials — a eT 
| ¥r(x) = p~/2)2*H (ax) 
Ho(z) = 1 
Hi, (2) = 22 

He(x) = 42? — 2 

H3(x) = 8x3 — 122 

H,(x) = 1624 — 48x? + 12 
Hs(x) = 3225 — 16023 + 1202 


t 
a = 
No = (525) 3. 


2. Legendre polynomials and associate Legendre polynomials 


Normalization factor 


m™ 


ate d 
Pi (cos 0) = sm ° i cos #)™ 


Pi(cos @) 


where P;(z) = Pi(cos 0) are the Legendre polynomials defined by 


d'(z2 — 1)! 


dz! @ = Cos O 


Piz) = 
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Legendre polynomials 


Po(z) = : 

Pi(z) =z = cos 6 

P.2(z) = (322 — 1) | = 74(3cos26+1) 

P3(z) = $(523 — 32) | = (5 cos 36 + 3 cos 6) 

P,(z) = (3524 — 3022 + 3) = ¢7(35 cos 46 + 20 cos 26 + 9) 

Ps(z) = 3(6325 — 702 + 152) = t375(63 cos 56 + 35 cos 36 + 30 cos 8) 


Pez) = ye(231z6 — 31524 + 10522 — 5) = 545(231 cos 66 + 126 cos 46 
+ 105 cos 26 + 50) 
Associate Legendre polynomials 


P,}\(z) = (1 — 2?)3 = sin 6 


P2}\(z) = 3(1 — 22)42 = sin 26 
P22(z) = 3(1 — z?) | oe, — cos 26) 
P3\(z) = $(1 — 2%)4(522 — 1) = S(sin 6 + 5 sin 36) 
P3;?(z) = 15(1 — 2?)2 = “2 (cos 6 — 3 cos 36) 
P;3(z) = 15(1 — 22)3 = 43(3 sin 6 — sin 36) 
Piz) = 3(1 — 22)4(723 — 32) = Tg2 sin 20 + 7 sin 46) 
Pz) = AS 1 — 22)(7z8 —~ 1) = 73(3 + 4 cos 20 — 7 cos 46) 
P3(z) = 105(1 — 22)2z 1889 sin 20 — sin 46) 
0 


P,A(z) = 105(1 — 22)? = +2°(3 — 4 cos 20 + cos 46) 


3. Radial wave functions of the one-center problem 


Rio = 2e7 

Reo = ae ( — 5°) 

Ra = : 77 e¥r 

Ro = 7 | 


R er (1 r 

97 4/6 6 

4 

R3. = — er? 

81 4/30 

ait —dr 1 eo 3 

ad a7 ter ma”) 
Ra = ety (i - va Sear 57) 


se tee —dry2 es 
Rae 64 a ary i 12 L) 


M8 165736 ° 


—jrp3 


tk-4. Approximation Methods. Perturbation Method for N One Gepetuions Cases. 
Required, the solution of the wave equation 


Hy = Wy . (7k-14) 
If H=H+S8S 


and y¥,° and W,° are the known solutions and eigen values of the ‘ ‘unperturbed ”’ 
wave equation 


AY = Wy? (7k-15) 
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then often good approximations to the solution of (7k-14) can be found by the per- 
turbation method. For this method to be applicable it is necessary that the influence 
of S is not large so that the solutions of (7k-14) are relatively close to those of (7k-15). 
For an exact meaning of this condition see later on. The procedure is simpler if the 
unperturbed states are not degenerate. | | a 
Nondegenerate States. Develop the solution of ¥, of (7k-14) in terms of the yn° 


n= Yn? +) ainyi® + binys® Fees 7 (7k-16) 
All asp are small of first order, the ban are small of order two, etc. The energy becomes 
Wn = Wr® + en + en +e (7k-17) 
One finds, if the perturbation matrix elements S,; are defined by 
Sig = SFiSsdr — (Tk-18) 
that | . 
. En) = Drn 
Sin | 


ie set fori #n, © Gan = 0 
mn W: — Wa 9 nn 


>’ means summation over all values of 7 except 7 = n. 


’ SnjSjn 
4 Wa— W; 
z a 
"Ly (Wa — Wi)(Wa — Wi). (Wa — W:)? 
j a 


SG) ion 
b; 


ban is obtained from normalization. —Onan = 5 > lasn|?. Higher-order approxima- 
a 


tions become increasingly complex. | 
Degenerate Case. Consider an f-fold degenerate state with energy W and wave 
functions y1° to y¥;° so that 3 


Hy,0 = Wi n=1,2,---f (7-19) 
Any linear combination | 
f 
Yn =) An? 
i=1 


is again a solution (7k-19). A perturbation will in general require a definite linear 
combination as zero approximation. The coefficients Ain which are of order of mag- 
nitude one are found as solutions of the set of linear equations 


(Su .f €n) Ain + Si2Aen | +: ee + SiAgn = 0 
SoiAin + (See — €n)Aon + - + + + SopSsn = 0 
Spite + By Asn oe cet Ges ene Aya 


Su — €n Sie ee Si 
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There are f solutions of the secular determinant for en. All may be different. In 
that case the degeneracy is completely removed and the zero-order approximation is 
completely determined as all A,; values are fixed, except for a common factor. 

If there are two or more identical roots e, part of the degeneracy remains and some 
of the A;; are arbitrary. 

For cases where the degeneracy is removed only in a higher order, consult the 
literature. 

Second and Higher Orders. With the wave functions ¥n° as zero-order approxima- 
tions, the second- and higher-order approximations can be carried out exactly as for 
the nondegenerate case. 

Semidegenerate Case. If | | | = 6s 
& Siul<« [Ws — Wil 7 : (20) 


the method for the vinidierenstats states can. be éuiploved.c If this sldtions is OE full- 
filled for some states for which, however, W; ~ W);, these states can be dealt with by a 
method very similar to that for the degenerate states. States for which (7k-20) is not 
fullfilled, whether they are degenerate or not, are called close states; their interaction 
can be taken care of provided their number f is finite. 

The positions of the unperturbed levels are 5, 52, . . . 6, where the 4; are Séounted 
from some fixed arbitrary energy. All 5; may be different or some or all may be equal. 

The procedure is now exactly the same as for an f-fold degenerate state except that 
the coefficients Aimn eae the energies are given by the equations. 


(Su: es 51 — €n)Ain + Si24 on ra 26s + SyAp, = 0 
SaiAin + (S22 + 82 — €n)Aon +++ + + SapAsn = 0 


SyiAin + ApeAen + °° + + (Srp + bf — en) Apa = 0 | 


with the secular determinant 


Siz + 61 — en Si2 ete — Sy | :. 
Sar Soe + b2— en +> Soy = 0. és 
Sy Sse Si +35 = « : 


Everything from here on is analogous to the procedure in the degenerate case. 
Variation Method. It can be shown that, if x is a normalized arbitrary function of 
the coordinates and Wo the lowest energy value of a system, we have 


The equality sign applies when x = y is the correct wave function of the lowest state. 

The variational method consists of the systematic variation of a function with 
several adjustable parameters chosen so (often by intuition) as to be very similar to 
the wave function. The variation of the Integral (7k-21) is observed when the con- 
stants are varied. The function which gives the smallest value for the integral is the 
best approximation to the wave function obtainable with the chosen function type, 
and the minimum value of the integral the best value for the energy. The accuracy 
of the energy value depends on how closely the trial function can approximate the 
real wave function. 

If there are several different : symmetry types the vanavonat mighned can be used to 
calculate the:lowest state of each symmetry. type. 

Upper values of other excited states can be obtained if the t trial function is orthog- 
onal to that of all lower states. 


71. Zeeman Effect 


When atoms and molecules are placed in a magnetic field their spectrum lines 
usually are split into several components with characteristic polarization. As a rule 
the amount of the splitting is proportional to the field strength H (linear Zeeman 
effect). The following cases are of importance. 

Tl-1. Free Atoms, No Nuclear Spin. If J is the total angular momentum, the 
level. is 2J ++ 1 fold degenerate. In a magnetic field of strength H the level splits 
into 2J + 1 components. The energy changes compared with the field free energy 
are given by | | 


e = g8MH —J<M<4J — | (71-1) 
h | 
B= Sa (Bohr magneton) | 


The splitting factor for Russell-Saunders coupling is given by Landé’s formula 


ag ae ee ae ee) 


2S (J +1) (71-2) 


Numerical values of g are given in Table 7m-1.! | 

In the literature the case for which g = 1 is usually called the normal Zeeman effect 
and other cases are called the anomalous Zeeman effects. Normal Zeeman effects 
occur chiefly for singlets (S = 0). 

Equation (71-2) holds only as long as L,S coupling is a good approximation. 
Equation (7i-1) holds with g values not necessarily given by (71-2) as long as the mag- 
netic splitting is small compared with the distance to a neighboring level. 


Selection and Polarization Rules for Electric-dipole Transition 


Polarization 
a rapeuon Observation perpendicular Observation parallel 
to H to H 
AM = +1 | Linear, 1H AM = +1 right circular 
i | AM = —1 left circular (opposite if g’ and 
. - g’’ have opposite sign) 
AM =0 | Linear, ||H Absent 


For g’ = q’ ’ = 1, the normal triplet is obtained, as all lines with the same change 
in M coincide. 
4 A table of g values arranged: in order of increasing numerical values is found in 
Charlotte E. Moore, ‘‘Atomic Energy Levels,” vol. I, tables 3 and 4, 1949; Kiess and 
W.F. Meggers, J. Research Natl. Bur. Standards 1, 641 (1928). For tables of g values for 
jj coupling, see J. C. Green et al., Phys. Rev. 52, 736 (1937) ; 54, 876 (1938); 58, 1094 (1940); 
59, 72 (1941); 64, 151 (1943). 
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For quadrupole transitions, see Condon and Shortley,! and Rubinowicz and 
Blaton.? 
The intensities are given by 


Transition | Intensity 

JJ M— M AM? 

M—+M+4+41 1 (71-3a) 

anes BAU +1) — Mt +1) 
JoJ+1 M—M BU(J + 1)? — M2] 

MM +1 gBU +M+1)(J +M +2) (71-36) 

| M—>M-—1 gB(UJ —-M +1)(J — M +2) 

J>J—-1 M—M ClJ? — M2] 

MM +1 3C(J — M)(J — M —1) (71-3c) 

M—+>M—1 3C(VJ + M)(J + M —1) 


These formulas hold as long as Eq. (71-1) holds but are independent of the par- 
ticular coupling scheme, i.e., independent of the g values. They hold equally well for 
diatomic molecules. A, B, and C are proportionality constants which are different 
for each line. 

The formulas represent the intensity distribution in a Zeeman pattern as long as 
the temperature is so high that kT is large compared with the magnetic splitting. 
They are proportional to the transition probabilities for all temperatures. 

When the magnetic splitting is not small compared with the distance to neighboring 
levels, the splitting is not symmetric. The line has asymmetries in both position of 
the components and their intensities (incipient Paschen back effect). When the 
distance between multiplet components is small compared with the magnetic splitting, 
the pattern is simple again and essentially that for the normal Zeeman (S = 0) effect 
(complete Paschen back effect). 

M1-2. Zeeman Effects in Other Cases. If there is hyperfine structure because the 
nuclear spin is different from zero, the number of components is given by 2F +1 
when Fh is the total angular momentum including nuclear spin J%. The splitting 
factor is 

_ FF +)+IU +) -10 +1) 
a 2F(F + 1) 


where g is the splitting factor without consideration of the nuclear spin. This situa- 
tion prevails only as long as the magnetic splitting is small compared with the hyper- 
fine structure. At the other extreme (hyperfine structure small compared with 
magnetic splitting) the influence of the nuclear spin may be neglected. 

Diatomic Molecules. The splitting and intensities are given by Eqs. (71-1) and 
(71-3). The splitting factor depends on the coupling within the molecule. A simple 
case is when influence of the spin can be neglected and the orbital angular momentum 
L is coupled to the internuclear axis (Hund’s case b). If A is the component of LZ along 
the internuclear axis we have for the splitting factor 

A?2 
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(J + 1) 
This expression shows that appreciable splittings can be expected only for small values 


of J. Noticeable splittings for larger J values are found when the angular momentum 
L is decoupled from the internuclear axis. 


1K. U. Condon and G. H. Shortley, ‘‘The Theory of Atomic Spectra,’”’ Cambridge 
University Press, New York, 1935 (reprinted 1953). 

2 A. Rubinowicz, Z. Physik 53, 267 (1929); 61, 338 (1930); A. Rubinowicz and J. Blaton, 
Ergeb. exak. Naturwiss. 11, 176 (1932). 
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TABLE 7I-1. VALUES oF g FoR L-S COUPLING 
(Odd multiplicites) 


% 
1.000 1.500 2.500 
ate 1.500 1.833 2.333 
eiaee th cuca 1.667 1.917 | 
sictads 1 teeter wi Bowes 1.750 2.200 © 
Sond, A eecer NF sie WE <Aeenxgmne ess 1.967 
iat It cnet: - i qeagtene ti) cette 1.833 
| % | 
sae Be 0.500 1.500 3.000 
1.000 1.167 1.500 2.000 
ardnaie 1.333 1.500 1.750 2.500 
certs We patos 1.500 1.650 2.100 
Siateade. IN soadedets Wd -ceteeaee 1.600 1.900 
Sieh Wee Il! bene. IL wae 1.786. 
La Skat) -coeenne, “Wy aintaee®., lo. maiaecin 412.714 
| % 
Pisces HN” Saat .. | 0.000 1.500 - 
oe 0.667 1.000 1.500 3.000 
1.000 1.083 1.250 1.500 2.250 
ie 1.250 1.350 1.500 1.950 
eee ih, ete ae 1.400 1.500 1.800 
cbedia. Ji] keke: ih Sees 1.500 1.714 
sdeeety. “I. vetecagias ili waeeene. Ut arate tees 1.661 
meee iH, Suucte., 4 -fautaes. We codes nore 1.625 
Seeutieg WiroBieee. We kena —0.500 4.000 
en Gee 0.333 0.833 2.333 
ree: 0.750 0.917. 1.167 1.917 
1.000 1.050 | 1.150 1.300 1.750 
sal aage 1.200 1.267 1.367 1.667 
oats. ie watadn 1.333 1.405 1.619 
ee ec ta.- JN, siabeese 1.429 1.589 
ea ee en Seer 1.569 
occ Sel, gate. iy etavgnirS Gontemae 1.556 
| ne 
ssticeaahe anise re a ree 1.500. 
pitaeyiee,. GN! Sea ate YL Sa aiaes 0.000 1.500 
singe “le “accede 0.500 0.750 1.500 
aoe 0.800 | 0.900 1.050 1.500 
1.000 1.033 1.100. 1.200 1.500 
eer: 1.167 1.214 1.286 1.500 
Race. fii, ~eaaeos 1.286 1.339 1.500 
<Sxsue. ‘sie weskaee Ill ~eueees 1.375 1.500 
shade i ae ‘aden Wy iaesahis 1.500 
Core aa ee ae 1.500 


oo aon 
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TaBLeE 71-1. VALUES or g For L-S Courtine (Continued) 
(Odd multiplicities) 


Spin........ 0 


Level J 
S Sas g = 2 for all multiplicities 
I Dy Gl. neti Ah seseoees I). Genes? tale ace ee,. Hh” se Aste —1.500 
a ee a ae Te errr se eee —0.333 0.500 
Oi ol. Mea Vt Sees Ih hewas 0.250 0.583 1.000 
= Me lS Beis “ln, eh ales 0.600 0.750 0.950 1.200 
et: or 0.833 0.900 1.00 1.133 1.300 
6 1.000 1.024 1.071 1.143 1.238 1.357 
a rere 1.143 1.179. 1.232 1.304 1.393 
S i seed. abs aes 1.250. 1.292 . 1.347 1.417 
OE i, Gees, Ul ake eete eM) ae he ee 1.333 1.378 1.433 
. SELON feed SN cater |! aan Pd deck ol ie 1.400 1.445 
jl Pati Wi Mea Py ° teedenndh. li eeaibueek ds Ws at thtoa sec 1.455 
MC 2D eh eee. We cigs. Hl ugeate HE me wwee I Ionasriedc — 0.667 
ego Ah wteleses MN) aerecuiee wi, dengue ll | zee ares 0.000 0.417 
Am ll) Gates: Biot, WN eens 0.400 0.600 0.850 
Bf wate OP eevee 0.667 0.767 0.900 1.067 
Gr 4b tee 0.857 0.905 0.976 1.071 1.191 
7 1.000 1.018 1.054 1.107 1.179 1.268 
78> th Besa 1.125 1.153 1.194 1.250 © 1.319 
OF a woe Gk tte ns -| 1,222 1.256 1.300 1.356 
TO 7, ceptates, 1 Cetecas 1 mee er 1.300 1.336 1.382 
11 1.364 1.402 


SRO SMe a ee eer ee me a ee eh he ae 


Atoms or Ions in Crystals. In this case the 2J + 1 fold degeneracy is entirely or 
partly removed by the Stark effect due to the crystal field. If the electron orbits are 
protected, sharp levels may result, particularly at low temperatures. Sharp absorption 
or fluorescence lines in crystals have been observed for salts of elements where d and 
f shells are being filled. Such lines may show characteristic Zeeman effects. In 
general the level splits into two components if the number of electrons is odd (Kramers 
degeneracy). For an even number of electrons there is no degeneracy and therefore 
no linear Zeeman effect unless the symmetry of the crystal field ishigh. If the average 
orbital angular momentum i is zero, the degeneracy is 2S + 1 and is due to the resultant 
electron spin S. 

This magnetic splitting of electronic levels in crystals is directly observed for the 
ground state in paramagnetic resonance experiments (often modified by the nuclear 
spin). It is also directly observed for the ground and excited states in optical-absorp- 
tion spectra in a magnetic field when there are sharp lines. This splitting i is directly 
connected with the magnitude of the magnetic susceptibility and paramagnetic rota- 
tion as well as with cooling by adiabatic demagnetization. 
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TasuE 71-2. VALUES oF g FOR L-S CoupPpLiNnG 
(Even multiplicities) 


1 3 5 7 9 

py z z a IT 

2 4 6 8 10 

g = 2 for all multiplicities 
0.667 2.667 
1.333 1.733 2.400 
eee 1.600 1.886 2.86 
eins  wousu 1.714 1.937 2.222 
ieee: Cl wee « mameneers 1.778 1.960 
Sault: IM Sees lb .Geaakeamee Al dete mats 1.818 
ae Me 0.000 3.333 
0.800 1.200 1.867 2.800 
1.200 1.371 1.657 2.057 2.572 
eee 1.429 1.587 1.809 2.095 
See, I. ounces 1.556 1.697 1.879 
fcsmer: i ope. ie Stee tess 1.636 1,762 
clic: “li s@teordve th. “Saeed: Wh sacuetess 1.692 
Stutés. s ipant lee —0.667 4.000 
ey: 0.400 1.067 2.000 3.200 
0.857 1.029 1.314 1.714 2.229 
1.143 1.238 1.397 1.619 1.905 
eather’ 1.333 1.434 1.576 1.758 
eer een) ee 1.455 1.552 1.678 
eudite A debates 4 Glewoeidee 1.538 1.631 
vee, |  mintone (Nh  daieateatia I -ieetecbons 1.600 
Rio”? N)  Spaccsaes ‘HUY Sane nba —1.333 4.667 
Somme | teen 0.000 0.933 2.133 
ee 0.571 0.857 1.257 1.772 
0.889 0.984 1.143 1.365 1.651 
1.111 1.172 1.273 1.414 1.596 
ne 1.273 1.343 1.441 1.566 
ee See ee ee 1.385 1.456. 1.549 
sie . ty waiseae- tl ta et dag 1.467 1.537 
sages. le Basher we wieetecs # dedeses 1.529 
Rhanes i tiie ol. chediace. eae —2.000. 
Meee. Wl Seater le seemceton —0.400 0.800 
an ee 0.286 0.686 1.200 
Fase 0.667 0.825 1.048 1.333 
0.909 0.970 1.071 (1,212 1.394 
1.091 1.133 1.203 1.301 1.427 
ee 1.231 1.282 1.354 1.446 
ake. jG -eaatad 1.333 1.388 1.459 
eee 1 jsgueacade: Wl) . Sketch cies 1.412 1.467 
1. 
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TaBLE 71-2, VaLuEs oF g ror L-S CourLlinG (Continued) 
(Even multiplicities) 


* 3 5 7 9 
Spin ee ee eee 5 z Oy It 
Multiplicity | 4 6 | 8 | 10 
ES a ea aoe rE RE ee 
Level J 

I 
ly eee ty hia Maubentes |) tengo —0.800 
75 a ae oe ee ee rn ee ee 0.000 0.514 
Bee Fe. aaa < Uk acre 0.444 0.667 0.952 
4 0.727 0.828 0.970 1.152 
5 0.965 1.035 1.133 1.259 
6x 1.108 1.159 1.231 1.323 
(fs 1.200 1.239 1.294 1.365 
Sa? ni omehee. Me | seek, 1.294 1.337 1.393 
Das. I * eters |) Adega <M we zanct 1.368 1.414 
Mee deste Gi eho He Semenen, Gl coeceten 1.429 
K oe, ecto, 1D, tenes, <b Seecee We coats —0.286 
3) a ee ee es a a ee 0.222 0.508 
a ee con ee ee 0.545 0.687 0.869 
55 0.769 0.839 0.937 1.063 
65 0.964 1.015 1.087 1.179 
75 1.090 1.129 1.184 1.255 
85 1.176 1.207 1.251 1.307 
oe ee ee 1.263 1.298 1.343 
10m | citatee “h caste “Ce Gaesce 1.333 1.371 
My. dead? IY cee Uh hesiena cl, mGcucae 1.391 
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Ss. C. BROWN AND W. P. ALLIS 


. _. Massachusetis Institute of Technology 


tt 


%m-1. ‘Collision Probabilities: The probability of collision P. is defined as the 
fraction: of particles scattered out of a collimated beam per centimeter path per 
millimeter pressure at 0°C. Similarly the “probability” of any event occurring on 
collision, such as excitation P, or ionization Pi, is the fraction of particles suffering 
that event per centimeter path and millimeter pressures. The probability P is 
related to the cross section q by oe 


P= 5 em" (mm Hg)? 
where L is Loschmidt’s number, or 
| |. P = 3.5357q - 
where is in square. Angstrom units. The mean free path lis given by . 


Peer om 
- po 


and the mean free time 7 by 
= , = 5.93107 X 10’utpoP sec! 


Here u = mv?/2e is the energy in electron volts, and po = 273.16p/T is the “‘reduced”’ 
pressure in millimeters of mercury. Do does not express a pressure, but a concen- 
tration 

N 

as 3.5357 XK 10'po molecules /cm 
Cross sections are sometimes given in units of rao? = 0.87981 A’, and energies in 
Hartree units, k? = V/13.605. 

If (0) is the differential cross section for elastic scattering into unit solid angle at 

an angle @ to the incident direction, | 


ge = Jq(0)2x sin 6 dé 
A more important quantity is the cross section for momentum transfer. 
dm = Jq(8)(1 — cos 0)2mr sin 6 dé 


In general, gm <q} experimental values of P. should be “‘corrected” to Pm in all 
gas-discharge applications. 
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¢@m-1.1 Elastic Collisions by Electrons 
Figs. 7m-1 to 7m-7 | 


oe VOLTS © 
Fie. 7m-1. “ Probability” of collision in Ha, 
He. [R. B. Brode, Revs. Modern Phys. 5, 
257 (1933); A. V. Phelps, O. T. Fundings- 
land, 8. C. Brown, Phys. Rev. 84, 559 (1951).] 
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Fie. 7m-3. ‘‘ Probability” of collision in Hg, 
Zn, Cd. [R. B. Brode, Revs. Modern Phys. 
5, 257 (1933).] = 
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Fie. 7m-2. ‘‘ Probability” of collision in the 
alkali metals. [R. B. Brode, Revs. Modern 
Phys. &, 257 (1933).] a ae 
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- Fig. 7m-4. ‘Probability ’”’ of collision in Ne, 


A, Kr, Xe. [R. B. Brode, Revs. Modern 


., Phys. 6, 257 (1938).] 
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Fiq. 7m-5. “Probability” of collision in Ox, Fie. 7m-6. ‘Probability ’’ of collision in 


Nz, CO. [R. B. Brode, Revs. Modern Phys. COs:, N.O. [R. B. Brode, Revs. Modern 
§, 257 (1933).] Phys. 5, 257 (1933).] 
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Fig. 7m-7. “Probability” of collision in CH, C2Hs, CsHs. [R. B. Brode, Revs. Modern 
Phys. 5, 257 (1933).] 
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7m-1.2 Inelastic Collisions by Electrons 
Figs. 7m-8 to 7m-18 
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Fie. 7m-8. “‘ Probability ’’ of excitation and ionization in He, Hz, Ne, A. [M. J. Druyve- 
steyn, and F. M. Penning, Revs. Modern Phys. 12, 87 (1940).] 
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Fie. 7m-9. ‘‘ Probability” of ionization in He, Ne, A. [P. T. Smith, Phys. Rev. 36, 1293 


(1930).] 
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Fria. 7m-10. “ Probability” ofionizationin neon. [W. Bleakney, Phys. Rev. 36, 1303 (1930).] 
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Fig. 7m-11. “Probability”? of ionization in hydrogen. (M. Knoll, F. Ollendorff, and © 
R. Rompe, ‘‘Gastentladungstabellen,” p. 66, J. Springer Verlag, Berlin, 1935.) 
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ELECTRON ENERGY (VOLTS) 
Fig. 7m-12. ‘‘ Probability” of ionization in argon. [W. Bleakney, Phys. Rev. 36, 1303 
(1930).] . ae 
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Fie. 7m-13. Relative ionization probability for ionization to the ?P\4 state in krypton. 
[R. E. Fox, W. M. Hickam, and T. Kjeldaas, Phys. Rev. 89, 555 (1953).] 
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[W. B. Nottingham, Phys. Rev. 55, 


Probability ’’ of ionization in mercury. 


7m-14. ‘ 
203 (1939).] 
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Fia. 7m-15. ‘‘ Probability”’ of ionization in mercury. 


203 (1939).] 


[W. B. Nottingham, Phys. Rev. 55, 
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Fie. 7m-16. ‘‘ Probability” of ionization in mercury. [W. B. Nottingham, Phys. Rev. 55, 


203 (1939).] 
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Fia. at . ‘*Probability’’ of ionization in mercury. [W. Bleakney, Phys. Rev. 35, 139 
(1930). 
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Fig. 7m-18. “ Probability’’ of ionization in Nz, O, CO, NO, C2H». [J. T: Tate and P.T. 
Smith, Phys. Rev. 39, 270 (1932).] 


7m-1.3 Electron Attachment 
Figs. 7m-19 to 7m-26 
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Fia. 7m-19. Cross sections for radiative attachment of electrons by neutral hydrogen 


atoms. (H. 8. W. Massey and E. H.|S. Burhop, ‘‘Electronic and Ionic Impact Phe- 
nomena,”’ p. 335, Clarendon Press, Oxford, 1952.) 
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Fia. 7m-20. Electron attachment coefficient for air [M. A. Harrison and R. Geballe, Phys. 
Rev. 91, 1 (1953).] 
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Fie. 7m-21. Electron attachment coefficients for freon-12 and CF3:SF; {M. A. Harrison 
and R. Geballe, Phys. Rev. 91, 1 (1953).] 
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NEGATIVE ION CURRENT 
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Fig. 7m-22. ‘‘Probability’’ of formation of O~ ions from carbon monoxide as a function 
of the energy of the impacting electrons. [H. D. Hagstrum and J. T. Tate, Phys. Rev. 
59, 354 (1941).] | 
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Fie. 7m-23. ‘‘ Probability ’’ of formation of O~ ions from nitric oxide as a function of the 
energy of the impacting electrons. [H. D. Hagstrum and J. T. Tate, Phys. Rev. 59, 354 


(1941).] 
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Fie. 7m-24. ‘‘ Probability”? of formation of O- ions from oxygen. [H. D. Hagstrum 
and J. T. Tate, Phys. Rev. 69, 354 (1941).] _ ro ee 
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| ELECTRON ENERGY IN ELECTRON VOLTS 
Fig. 7m-25. F~ ion current as a function of electron energy. [A. J. Ahearn and N. B, 
Hannay, J. Chem. Phys. 21, 119 (1953).] “e 
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| ELECTRON ENERGY IN ELECTRON VOLTS _ 
Fic. 7m-26. SFe~ ion current as a function of electron’ energy. [A. J. Ahearn and N. B. 
Hannay, J. Chem. Phys. 21, 119 (1953).] ; me : 


7m-1.4 Elastic Collisions by Ions 
Figs. 7m-27 to 7m-31 


ee 


40 
oa 
Oo 


Fig. 7m-27. ‘Probability ’”’ of collision for positive ions of Li, K, Cs in helium. [C. Ram- 
sauer and O. Beeck, Ann. Physik 87, 1 (1928).] 
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Fie. 7m-28. ‘“ Probability”’ of collision for positive ions of Li, K, Cs in neon. [C. Ram- 


sauer and O. Beeck, Ann. Physik 87, 1 (1928).] 
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Fic. 7m-29. “ Probability” of collision for positive ions of Li, Na, K, Rb, Cs in argon. 
{C. Ramsauer and O. Beeck, Ann. Phystk 87, 1 (1928).} a en ee ee 
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Fia. 7m-30. Elastic scattering of low-velocity hydrogen ions inhydrogen. [J.H. Simons, C. 
M. Fontana, E. E. Muschlitz, Jr. and 8S. R. Jackson, J. Chem. Phys. 11, 307 and 316 (1943).] 
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Fia. 7m-81. “‘ Probability ”’ of collision for positive ions‘of K in He,:‘Oa, Nz. [C. Ramsauer 
and O. Beeck, Ann. Physik 87, 1 (1928).)) er re 
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7m-1.5 Charge Transfer 
Figs. 7m-32 to 7m-37 
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Fre. 7m-32. Charge-transfer cross section of Ht in He (H. 8. W. Massey and EB. H. S. 
Burbop, “Electronic and Ionic Impact Phenomena,” p. 526, Clarendon Press, Oxford, 
1952.) - Le at | | 
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Fig. 7m-33. Charge-transfer cross sections of A+ in A, Het in He as a function of energy. 
[J. B. Hasted, Proc. Roy. Soc. (London), ser. A 205, 421 (1951).] 
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Svours ee: 
Fia. 7m-34. Charge-transfer cross sections of ions and atoms of mercury. [B. M. Palyukh 
and L..A. Sena, J. Exp. Theor. Phys. U.S.S.R. 20, 481 (1950).] 
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Fic. 7m-35. Normal charge-transfer cross sections. [J.B. Hasted, Proc. Roy. Soc. (London), 
ser. A, 205, 421 (1951).] | | 
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Fic. 7m-36. Abnormal charge-transfer cross sections with metastable ions present. [J. B. 
Hasted, Proc. Roy. Soc. (London), ser. A, 205, 421 (1951).] 
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Fia. 7m-37. Charge-transfer cross section of Ot in N2 as a function of energy. Dashed line 
is extrapolated. [J. B. Hasted, Proc. Roy. Soc. (London), ser. A, 205, 421 (1951).] 
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Tm-2. Surface Phenomena (Ions impinging on metal surfaces). Secondary Emis- 
sion yz. ‘The secondary emission coefficient 7; is the number of free electrons released 
from a surface by the impact of a positive ion, over and above any electrons taken 
from the surface to neutralize the ion. If ¢ is the work function of the surface, and 
V; is the ionization potential of the ion, secondary emission requires that Vi > 24. 

The secondary emission coefficient is in general greatly reduced by the presence of 
adsorbed gas on the surface. | | 

Effective Secondary Emission y. The second Townsend coefficient 7 is defined as 
the number of secondary electrons escaping from the cathode per positive ion pro- 
duced in the gas. It is a function of E/p in the gas and is, in general, the resultant 
effect of photons, ions, and metastables reaching the cathode, and of back diffusion. 


7m-2.1 Secondary Emission 
Figs. 7m-38 to 7m-51 
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Fic. 7m-38. Ejected electron yield of Het, Net, and At on nickel. (H.S. W. Massey and 
E. H. 8. Burhop, ‘Electronic and Ionic Impact Phenomena,” p. 549, Clarendon Press, 
Oxford, 1952.) _ 
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Fig. 7m-39. Ejected electron yield of Het on nickel outgassed (lower curve) and not out- 
gassed (upper curve). (A. von Engel and M. Steenbeck, ‘“‘Elektrische Gesentladungen,”’ 
vol. I, p. 118, J. Springer Verlag, Berlin, 1932). . 
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Fie. 7m-40. Ejected electron yield of A+ ions on H2-, Ne-, and Oz treated platinum. {[J. 
A. Parker, Jr., Phys. Rev. 93, 1148 (1954).] 
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Fia, 7m-41. Ejected electron yield of At ions on (A) outgassed, (B) H:e-, (C)N2-, and (D)Oz 
treated tantalum. [J. A. Parker, Jr., Phys. Rev. 93, 1148 (1954).] 
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Fig. 7m-42. Ejected electron yield of Lit, Kt, and Rbt on'aluminum. (H. 8. W. Massey 
and E. H. S. Burhop, ‘“‘Electronic and Ionic Impact Phenomena,” p. 549, Clarendon 
Press, Oxford, 1952). 
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Fig. 7m-43. Ejected electron yield of K+ on Al, Ni, and Mo. (H.S8. W. Massey and E. 
H. 8. Burhop, “Electronic and Ionic Impact Phenomena,” p. 549, Clarendon Press, Oxford, 
1952.) 
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Fie. 7m-44. Ejected. electron yield of H:+ and H+ ions on H:z-covered platinum. [J. A. 
Parker, Jr., Phys. Rev. 93, 1148 (1954).] 
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Fic. 7m-45. Ejected electron yield of N-t and Nt ions on N:2-covered tantalum. 
Parker, Jr., Phys. Rev. 93, 1148 (1954).] 
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Fia. 7m-46. Ejected electron yield of Net and N* ions on Ne-covered platinum. 
Parker, Jr., Phys. Rev. 98, 1148 (1954).] 
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Fie. 7m-47, Ejected electron yield of O2+ and O* ions on O2z-covered tantalum. 
Parker, Jr., Phys. Rev. 93, 1148 (1954).] 
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ION ENERGY (ELECTRON VOLTS) a 
Fie. 7m-48. Ejected electron yield of O2t and O+ ions on Oz-covered platinum. [J. A. 
Parker, Jr., Phys. Rev. 93, 1148 (1954).] 


Y, IN ELECTRONS PER ION 


0) 100 200 300 400 500 600 700 800 900 1000 
ION KINETIC ENERGY IN ev 


Fig. 7m-49. Total electron yield. Curves 1 and 3 are for atomically clean Mo, curves 2, 
4, 5 for Mo covered with monolayer of gas. _[H. D. Hagstrum, Phys. Rev. 89, 244 (1953).] 


7-198 -* AFOMIC: AND MOLECULAR PHYSICS 


1.0 . ee 
S os ERS TR 
: Ft tt lee pe 
e | 
y 04 
awl 
= o2 ——— Het} __ ee 
weer te ee ak 
0 i00. 200 300 400 500 600 700 800 900 1000 


ON KINETIC ENERGY IN ev. 


Fia. 7m-50. Total electron yield for Het, Hett, and Hezt for gas-covered tantalum. 
[H. D. Hagstrum, Phys. Rev. 91, 543 (1953).] | 
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Fie. 7m-51. Total electron yield for singly charged ions on atomically clean tungsten. 
[H. D. Hagstrum, Phys. Rev. 96, 325 (1954).] 
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7m-2.2 Effective Secondary Emission 
Figs. 7m-52 to 7m-55 : 
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Fra. 7m-52. Second Townsend coefficient for copper in the rare gases. [M.J. Druyvesteyn 
and F. M. Penning, Revs. Modern Phys. 12, 87 (1940).]. . os 
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Fie. 7m-53. Second Townsend coefficient for argon with different cathode materials. 
[M. J. Druyvesteyn and F. M. Penning, Revs. Modern Phys. 12, 87 (1940).] 
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Fra. 7m-54, Second Townsend coefficient of Net, At, Krt, incident on a clean molybdenum 
cathode, and of At on a partially activated coated cathode. [R. N. Varney, Phys. Rev. 93, 
1156 (1954).] 


O 500 1000 1500 2000 2500 3000 
_ E/p(VOLTS/CM/MM Hg) 


Fie. 7m-55. Second Townsend coefficients for aluminum in benzene, toluene, and cyclo- 
hexane. [M. Valeriu-Petrescu, Bull. Soc. Rouwmaine de Phys. 44, 3 (1943).] 
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¢m-2.3 Ion Conversions 
Figs. 7m-56 to 7m-59 
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Fie. 7m-56. Probability of conversion of positive hydrogen ions into negative hydrogen 
ions on nickel. [F. L. Arnot, Proc. Roy. Soc. (London), ser. A, 158, 137 (1937).] 
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Fie. 7m-57. Probability of conversion of positive nitrogen ions into negative nitrogen ions 
on nickel. [F, L. Arnot, Proc. Roy. Soc. (London), ser. A, 158, 137 (1937).] 
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Fic. 7m-58. Probability“of conversion of positive oxygen ions into negative oxygen ions 
on nickel. [F. L. Arnot, Proc. Roy. Soc. (London), ser. A, 158, 137 (1937).] 
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Fria. 7m-59. Probability of conversion of positive carbon dioxide ions into negative carbon 
dioxide ions on nickel. [F. L. Arnot, Proc. Roy. Soc. (London), ser. A, 158, 137 (1937).] 
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7m-2.4 Seondary Emission by Electrons 
Fig. 7m-60 
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Fig. 7m-60. Ratio of the number of secondary electrons emitted from a surface to the 
number of primary electrons incident as a function of incident energy. (H.S. W. Massey 
and E. H. 8. Burhop, “Electronic and Ionic Impact Phenomena,”’’ p. 306, Clarendon Press, 
Oxford, 1952.) 18 z, 


t™m-3. Average Motions of Electrons and Ions. The drift velocity vg of a charged 
particle of mass m and charge e in a gas of molecules of mass M, under an electric 


field FE, is. given by 


Mm av 


vq = op f 1 ees vy? dy | (7m-1) 


7 


where f(v) is the velocity-distribution function. — width. & ectia ie « 
For particles with a constant mean free time 7, this yields, for all E/p, 


a a= Mm elire ; (7m-2) 
If collisions are caused by a polarization force 


_ 1.80960 f Mm/a \} 
re eng (57 +m —_) 
where the polarizability a = (e — €)/ng. | ; 

_ For particles with a constant mean free path 1, (rigid spheres) there are two limiting 
forms: = _ 
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1. Near thermal equilibrium 


> ry 6 M +m\t 


4 i io ~g kT Mm (7m-4) 
2. For high E/p 
= 0.8973 for m « M 
v=o (MEM) (BE) a = {0.9048 form m8 
me 1 for m > M 
The mobility » in a mixture of gases a, b,c, .. . is given by Blanc’s law 
1 41 1 1 ; 
ee - (7m-6) 
Le Ha Mb Me 
where pla, Md, Mey - - - are the mobilities in the pure gases a, b,c, . . . at their partial 
pressures Da, Pb, Pe, - . - provided me ODEN are sensibly independent of field 
strength. 


Because of charge transfer when moving in the cancer gas and Austenie in the 
presence of an attaching gas, ions may move considerably more slowly than indicated 
by these equations. | 

In the case of a constant mean free time r., the mobility in an a-c electric field of 
circular frequency » and in the presence of a magnetic field whose component perpen- 
dicular to the electric field is B,, is given by 


e/2m e/2m 


B= FoF He Fes) | ve + Flo — 0) oe 
| where w, = By, e/mis the cyclotron frequency. 
The complex conductivity of a plasma is given ee 
o= seus + nep— + jweo | (7m-8) 
For a completely ionized. plasma 
so jhlsitm. (A)? (240) ee (#2)! mho/m Cm 


where q = 12xndp*, Av? = eokT'/ne? is the Debye length, and nAp? = 3.134 X 104T 
m-1, zis the charge on the ions. 

If \ is the mean fraction of the energy difference which is transferred i in a collision, 
the mean energy of an electron or ion is given by 


eErva ae 


5 moi = Sar + (7m-10) 
For elastic collisions 
sees 2Mm 
| (M + m)? 
For the mean free time case 
Me (ae (tee) 
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Mean energies are usually determined by the approximate relation 


D _ m(v? — va?) 


= 30 (7m-12) 
which is exact when the distribution function is Maxwellian. | 
The diffusion coefficient is given by 
D= y : fanv? dv (7m-13) 


7m-3.1 Drift Velocity of Electrons 
Figs. 7m-61 to 7m-72° 
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Fig. 7m-61. Drift velocity of electrons in helium as a function of E/p. [R. A. Nielsen, 
Phys. Rev. 50, 950 (1936); J. A. Hornbeck, Phys. Rev. 83, 374 (1951).] 
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Fie. 7m-62. Drift velocity of electrons in neon as a function of E/p. [R. A. Nielsen, 


Phys. Rev. 50, 950 (1936).] 
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Fia. 7m-63. Drift velocity of electrons in argon as a function of E/p. [R. A. Nielsen, 
Phys. Rev. 50, 950 (1936).] - < 
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Fia. 7m-64. Electron drift velocities in argon and argon-nitrogen mixtures. [L. Colli 
and U. Facchini, Rev. Sct. Instr. 23, 39 (1952).] 
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Fia. 7m-65. Drift velocity of electrons in hydrogen as a function of E/p. [N.E. Bradbury 
and R. A. Nielsen, Phys. Rev. 49, 388 (1936).] — 
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Fic. 7m-66. Drift velocity of electrons in nitrogen as a function of E/p. [R. A. Nielsen, 
Phys. Rev. 50, 950 (1936).] 


me 
an 
ea 
aa 

a 


i tt 


od 2 
o 5 

a 

” 

~~ 

= A 

o es 

ad 

> 

e 

3 a 
par 

Pv) 

> 


OXYGEN 
' 


 E/p(VOLTS/CM/ MM Hg) 


Fig. 7m-67. Drift velocity of electrons in oxygen as a function of E'/p. 
and N. E. Bradbury, Phys. Rev. 51, 69 (1937).] 
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Fic. 7m-68. Drift velocity of electrons in air as a function of E/p. 
and N. E. Bradbury, Phys. Rev. 51, 69 oe 
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Fie. 7m-69. Drift velocity of electrons in nitrous oxide as a function of E/p. [R. A, 
Nielsen, N. E. Bradbury, Phys. Rev. 51, 69 (1937).] 
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Fie. 7m-70. Drift velocity of electrons in ammonia as a function of E/p. [R. A. Nielsen 
and N. E. Bradbury, Phys. Rev. 51, 69 (1937).] 
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%m-3.2 Mean Energies of Electrons — 
Figs. 7m-71 to 7m-74 
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Fig. 7m-71. Average electron energy in hydrogen. {L. J. Varnerin, Jr. and 8. C. Brown, 
Phys. Rev. 79, 946 (1950); J. S. Townsend and V. A. Bailey, Phil. Mag. 42, 873 (1921).] 
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Fic. 7m-72. Ratio of electron to gas temperature. (R. H. Healey and J. W. Reed, “‘The 
Behavior of Slow Electrons in Gases,” p. 78, Amalgamated Wireless, Ltd., Sydney, 1941.) 
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Fie. 7m-73. Average energy of electrons in helium. [F. H. Reder and 8. C. Brown, Phys. 
Rev. 95, 885 (1954).] _ a . 
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Fig. 7m-74. Ratio of electron to gas temperature. (R. H. Healey and J. W. Reed, ‘‘The 
Behavior of Slow Electrons in Gases,” p. 79, Amalgamated Wireless, Ltd., Sydney, 1941.) 
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7m-3.3 Drift Velocities of Ions 
Figs. 7m-75 to 7m-87 
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Fig. 7m-75. Mobility of Het and H:+ in helium. [M. A. Biondi and L. M. Chanin, Phys. 
Rev. 94, 910 (1954).] . 
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Fic. 7m-76. Mobility of Net and Nezt in neon. [M. A. Biondi and L. M. Chanin, Phys. 
Rev. 94, 910 (1954).] 
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Fig. 7m-77. Mobility of A+ and A2* in argon. [M. A. Biondi and L. M. Chanin, Phys. 


Rev. 94,910 (1954).) 
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Fia. 7m-78. Mobility of Krt+ and Kr2t 


in krypton. [M. A. Biondi and L. M. Chanin, 
Phys. Rev. 94, 910 (1954).] | 
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[M. A. Biondi and L. M. Chanin, Phys. 


Fria. 7m-79. Mobility of Xe+ and Xeet in xenon. 


Rev. 94, 910 (1954).] 
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fia. 7m-80. Drift velocity of atomic ions in helium, neon, and argon. 


Phys. Rev. 84, 615 (1951).] 


[J. A. Hornbeck, 
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Fie. 7m-81. Drift velocity of atomic ions in kr 


Rev. 88, 362 (1952).] 
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7m-82. Mobility at standard gas densit 


y of atomic and molecular ions in krypton 


[R. N. Varney, Phys. Rev. 88, 362 (1952).] 
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Fic. 7m-83. Drift velocity of ions in nitrogen. Low (E/p)N;*, high (E/p)N2*. [R. N. 


Varney, Phys. Rev. 89, 708 (1953).] 
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Fic. 7m-84. Drift velocity of ions in oxygen. [R. N. Varney, Phys. Rev. 89, 708 (1953).] 
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Fie. 7m-85.. Drift velocity of ions in carbon monoxide. Low (Z/p)COt, high (E/p); 
intermediate (Z/p) may be COzt. [R. N. Varney, Phys. Rev. 89, 708 (1953).] 


25.0 


200 


16.0 
HYDROGEN 


12.0 
ete) 


i 


am 
| 


@ 
° 


a @ 
Oo 9 


> 
re) 


v 
° 


ae 
i 


MOBILITY (CM/SEC/VOLT/CM) 


NY ~~ 
oO @ 


CT 
ma 
F 


i 


Oo 7. 23 39 65 133 


MASS OF ION 
Fia. 7m-86. Mobility of alkali ions in gases at 1 atmospheric pressure. [C. F. Powell and 
L. Brata, Proc. Roy. Soc. (London), ser. A, 138, 117 (1932).] 
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Fig. 7m-87. Mobility in nitrogen of various ions as a function of mass at 1 atmospheric 
pressure. [J. H. Mitchell, K. E. W. Ridler, Proc. Roy. Soc. (London), ser. A, 146, 911 
(1934).] 
TABLE 7m-1. AMBIPOLAR DIFFUSION COEFFICIENTS 
(Room temp.) 
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* K. B. Persson, PhD Thesis, MIT, 1954. 

+M. A. Biondi and S. C. Brown, Phys. Rev. 75, 1700 (1949). 
tM. A. Biondi, Phys. Rev. 79, 733 (1950). 

q M. A. Biondi, Phys. Rev. 83, 1078 (1951). 
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89. Introduction and General Constants 
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8a-1. Definitions. Many of the terms of, nuclear, science ,are.in..common. use. in 
other branches of physics and will be found elsewhere in this handbook. The National 
Research Council has published a useful glossary: of terms in this field.’ It would be 
out of place, in this volume, to attempt to define all the unique terms used in nuclear 
science. There are, however, certain basic ones which are ‘defined below. | 

Nucleon. A constituent of a nucleus, either a proton or 4 neutron. _ 

Nuclide. A specific nucleus, characterized by pavpleS a definite number | of neutrons 
and a, definite number of protons. 

Isotopes. A group of atoms whose nuclei have the same » number of protons and 
are therefore chemically identical. | 

.Isotones. A group of atoms whose nuclei hae pies same abe: of, neutrons: 

- Isebars. A group of atoms whose nuclei have the same number of nucleons. ' 

_ Nuclear .Reaction (see Sec. 8a-2). The interaction between nuclides (including 
¥ rays) to form a compound nucleus which separates into two or more different nuclides. 
In’ most cases there are only two products, one of which is ‘quite light. ; 

‘Energy Balance. The amount of energy released in each individual reaction. It 
is designated by Q and is positive when energy is produced, negative when it is 
absorbed. 

Fission. A type of nuclear reaction in which the products (called fragments) are 
of comparable mass. It is usually accompanied by the emission of a number of 
neutrons and the release of energy. 

Spallation Reactions. These are caused by particles of great energy and lead to the 
breakup of the compound nucleus into many parts. 

8a-2. Nuclear Reactions. Nuclear science largely depends on the interactions of 
nuclides with each other. In order to simplify the discussion of these reactions sym- 
bolic representations are used. A nuclide is designated by the following symbol: 


z(Chemical symbol)4 


Z is the atomic number (number of protons) and A is the atomic weight (number of 
nucleons) of the isotope to which the nuclide belongs. This leads to symbols like 1:Na?* 
and 9.235. Since the chemical symbol specifies Z it is usually omitted and one 
simply writes Na?% and U. It also is becoming common to see these written as 
Na-23 and U-235. 

Certain nuclides and particles have acquired special names and symbols. These 
are given in Table 8a-1. 


1‘*A4 Glossary of Terms in Nuclear Science and Technology,’’ American Society of 
Mechanical Engineers, New York, 1954. 
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INTRODUCTION AND GENERAL CONSTANTS 8-3 


TaBLE 8a-1. SpeciaL NuciipEs* AND PARTICLES. |. 


Short symbol Name _| Standard symbol 
Dp | Proton... . ‘y at 
n Neutron ni 
d Deuteron H? . 
t Y Triton 0 0) He 
a Alpha particle He‘ 
Y Gamma, quantum | _ hy 
p- Electron i 
gt Positron | 


* No notation for mesons is given here because they do not, as yet, figure in nuclear technology. 
The current nomenclature for mesons and related ‘particles will be found in Sec. 8-l. 


Nuclear reactions may be written like chemical reactions, thus: 
. Li’ +- |e aes 2 He4 
This is cumbersome; so now one writes the same reaction more simply as 
Lit(pe)Het 
Other reactions may obviously be written 


Na?3(d,p)Na%4 
Cu(p,n) Zn 
Br79(d,2n) Kr79 
This symbolism may be extended to spallation reactions like | 
;  "'A875(e,18p237) 188 
and fissions 
—U%5(n,Sr98) Xess 
The probability of a nuclear reaction taking place is measured by the cross section 
« for the reaction. The unit for nuclear cross sections ‘is the barn (= 10774'cm?); 
occasionally small cross sections are expressed in millibarns (=.10-? barns = 10-27 
cm?), 
8a-3. Unstable Nuclei. The products of many nuclear reactions are nuclei which 
are not found in nature. The number‘of neutrons and protons in these nuclides is 
out of stable balance. The nuclides proceed to adjust this by those nucleons which 
are in excess, changing, by a process known as 8 decay, to the type in which the nuclide 
is deficient. Thus, if the nuclidé has more neutrons than its stable isobars, this is 
corrected by the neutrons changing to protons until it becomes stable.. To conserve 
charge this n — p change is. accompanied by the emission of a negative electron 
(6~ particle), often of high energy. but never of constant energy. To conserve energy 
requires the emission of another neutral particle, a neutrino (symbol v), the sum of 
whose energy with that of the 8~ particle is constant. In other cases the number of 
protons may be excessive and one or more may change to neutrons. Accompanying 
each p — n change there may be a positron (g+ particle) and an antineutrino emitted. 
Again the sum of the energies of positron and antineutrino is constant. Often an 
excess of. protons is corrected by the nucleus capturing one of its orbital electrons. 
This process is called K capture and.is accompanied by the emission of X rays or 
Auger electrons. - B decay is frequently accompanied by y radiation. 
8a-4. Nuclear Constants. Only those general constants which are peculiar to 
nuclear science are given here. These are taken from a paper by DuMond and 
Cohen.1 The symbols used, where‘not explained; are conventional. 
1J. W. M. DuMond and E. R. Cohen, Revs. Modern Phys. 25, 691 (1953). 
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Atomic mass of neutron 
= 1.008982 + 0.000003 


3 
| 


Atomic mass of hydrogen 


H = 1.008142 + 0.000003 


I 


Atomic mass of deuterium : 
D = 2.014735 + 0.000006 


Electron rest mass 
m = (9.1085 + 0.0006) X 10-78 g 
Proton rest mass | 


(1.67243 + 0.00010) x 107% 


Mp 
Neutron rest mass | 
= (1.67474 + 0.00010) X 10-** 


Ratio of proton mass to electron mass 
= 1,836.13 + 0.04, 
Compton wavelength of the electron | 
e = h/me = (24.2625 + 0.0006) X 107** cm 
Compton wavelength of the proton 
dep = h/mpe = (13.2139 + 0.0004) X 10-4 cm 
Compton — of the neutron 
= h/mnc = (13.1958 + 0.0004) x 10-4 cm 
Thomson cross section 
= (6.65196 + 0.0005) X 107*5 cm? 
Magnetic moment of the electron | | | 7 
= (0.92838 + 0.00006) K 10°*° erg gauss”! 
Nuclear eee 7 | a 
= he/tyne SO. 505038 + 0.000086) x 10-28 erg gauss"! 
Proton mre moment eae 7 
= 2.79277 + 0.00006 nuclear: magnetons 


Mass energy conversion factors 


= (5.60999 + 0.00025) x 107° Mev (million electronvolts) 
1 electron mass = 0. 510984 + 0.00016 Mev 
1 atomic mass unit = 931. 162 +.0.024 Mev 
1 proton mass = 938. 232 + 0.024 Mev 
1 neutron mass = 939. 526 + 0.024 Mev 


Quantum energy conversion factors eet F : 
1 electron volt (ev) = (1.60207 + 0.00007) K 10- erg © 
1 million electron volts (Mev) = (1.60207 + 0.00007) X 10~° erg 
1 billion electron volts (Bev) = (1.60207 + 0.00007) X 1073 erg 
Velocity of a thermal (gp ev) neutron 
yy, = 2,187.017 + 0.028 m/sec 


8b. Systematics of Stable Nuclei 


GEORGE L. TRIGG 


Oregon State College 


8b-1. Table of Nuclear Properties. Table 8b-1 lists the known properties of all 
stable nuclei, plus those whose half lives are long enough to be of geological signifi- 
cance. Unstable species are denoted by an asterisk following the mass number. 

Nuclear spins are given in units of #(= h/2x7), magnetic moments in units of the 
nuclear magneton, quadripole moments in units of the proton barn, and binding 
energies in Mev. Binding energies are given only when they have been determined 
directly from (7,7) or (7,p) thresholds or (d,n) or (d,p) Q values. Magnetic moments 
are quoted directly from the corresponding references and are therefore not uniformly 
corrected for diamagnetism. Cosmic abundances are numbers of atoms per 10/ 
atoms of total silicon. 

The number in parentheses following a listed value is the uncertainty of the last 
figure as given in the reference. The placing of an entire number in parentheses 
indicates that the quantity has not been measured; the value so designated is an 
estimate or a value suggested by theory. | 

For the radioactive elements, the mode of decay and half life are given in the Notes 
column; except for Nd“4, data are from ref. 46. | 

8b-2. Shell Structure. The existence of “shells” of nucleons is inferred from. a 
single-particle model under the following assumptions:1? 

1. The single-particle levels of nucleons in a nucleus are those of a rounded-off 
square well, with strong spin-orbit coupling giving rise to inverted doublets; the 
doublet splitting increases with the orbital angular momentum quantum number I. 

_ 2, An even number of identical nucleons in any state with total angular momentum 

quantum pumber 7 couple to give total spin zero and no contribution to the magnetic 
moment; an odd number of identical nucleons in a state j couple to give total spin 7 
(usually) and a magnetic moment equal to that of a single particle in that state. 

3. For a given nucleus the pairing energy of nucleons in states of the same j increases 
with 7. 

It is recognized empirically that there exist differences in the behavior of neutrons 
and protons above N or Z = 50; one suggestion? is that this results from a lowering 
in energy of proton states corresponding classically to circular orbits, relative to the 
positions of the corresponding neutron states, due to Coulomb forces. On the other 
hand, the level order is presumably to be considered as resulting from the potential 
energy as seen by the “‘last”’ nucleon; and in view of the fact that, for N or Z above 
50, N = Z is not a valid approximation, there is no reason to expect that the potential 
energy of, say, the sixty-fifth neutron in a nucleus containing 65 neutrons should be 
the same as that of the sixty-fifth proton in a nucleus containing 65 protons. 


1 Mayer, Phys. Rev. 78, 16 (1950). 
2 Klinkenberg, Revs. Modern Phys. 24, 63 (1952). 
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TABLE 8b-1. PROPERTIES 


Atomic Ch Neutron Atomic , % Cosmic 
No. Name bane No. mass Spin ei abundance abundan: 
symbol I ity : pt 
Z N M (ref. 46) (ref. 4) 
0 | Neutron n 4 1.008986(3) Sa ec oe eee ee eran mmr 
1 | Hydrogen H 0 1.008146(3) 2 | + ee en 
1 2.014741(3) | 1] + 0.0139-51 
2 | Helium He 1 3.016077(11) | 2 | (+) Go xe meean 
2 4.003879(9) |. 0 | + | ~100 
3 | Lithium Li 3 6.017021(22) | 1 0) an ener eres 
4 7.018223(26) 2 | (-) 248 8 hear diae 
4 «| Beryllium: 264 -Bec-doorr Bee . |: 015048(3® sated. steam beer PQQ | a ee 
5 | Boron B 5 10.016110(10) 3] + 18.45-18.98 |........05. 
/ ashi ceh we diaat tet 6 11.012811(9) | 3. | (—) |. 81.02-81.55 _ |....... ss 
6 {Carbon =| C am) 12.003842(4) |) 0 | (+) ee t 50 pt 
a oe ee To 13.007505(12) |} $ |] — | 1.108): is 
7 | Nitrogen. N. an | .14.007550(5) -.}.. 1 | +. Merce ae 
wehag, “oe tl 88. exes 8 15.004902(9) | 3 / —. |. . 0.365 nes 
8 |.Oxygn | O 8 16.00000000 {| Of] +{ 99.759 | 220,000 
eae eg eee 17.004533(7) | $3 | + 0.087 | 86 
oar ea 10 18.004883(20)'|° 0-] + {°° 0.204 = | 450" 
9 |Fluorine | F | 10 19.004444(22) | 2 /|-+ | 100 90 
10 |Neon = | Ne | 10° 19.998772(13). |. (0).) (+)| .. 90.92 42,000 
| 11 21.000504(22) | 3 | (+) 0.257. 130 
12 21.998382(24) | (0) | (+)] = 8.82 4,300 
11 | Sodium Na 12 23 .001768(26) gy + 100° 462 + 36 
12 | Magnesium | Mg: 12 23..992628(26). | (0) | (+)] . 78.60 6,970 + 240 
. 13 24,993745(27) | . & | (4) 10.11: 897 + 97 
414 25.990802(29) | (0) | (+)} 11.29 1,000 + 100 
13 || Aluminum | Al 14 26.990109(23)'| $ | (+)] 100 882 + 81 
14 | Silicon Si 14 27 .985825(16) | (0) | (+)}° (92.27 9,228 + 3° 
: Ad , 15 | 28.985705(21) | 2 | (+){ 4.68 467 + 1 
16 29.983307(31) | (0) | (+)| | 3.05 305 +, 3 
15 | Phosphorus | . P 16 30.983619(7) 3} (+)] 100. 130 
16 |Sulfue’ =| 8S’ | 16 31.982236(7) | O | + | “95:018 3,300 
17 - 32.98213(5) «| 8 | + 0.750 26 
18 33.97876(5) | Of + 4.215 - 150 
a ee en | 20 35.97893(7) | (0) | (+). 0.017. 0.56 
17. | Chlorine cl | 18 34.98004(5) | 3] +] 75.4 — 130 
sie we re * 20 -36.97766(5) | 8 | t+)| 24.6 | 42 
18 | Argon = | A+}. ‘18 -35.97900(3) «|. (OY | (+) 0.337 - 450 
i eee |. 20. 37.97491(4), | .(0) |.(+) 0.063. 87 
eal | 22 39.97513(3) (0) | (+) 99.600 |......-.--. 
19 | Potassium | K 20 38.97606(3) | 3% | (+) 93.08(v) | 64.7 + 7.0 
re 7! 39.97654(8) 4) (=)) 6.0119 | |(0.0076(8) 
22 40.97490(4) 3 | + 6.91 4, 64(50) 
20. .| Calcium, Ca 20 39.97545(9):. | (0) |(+)| 96.97 —— 650(72) 
ae . 22 41.97216(4) | (0) |(+)] 0.64 4.29(49) 
23 42.97251(6) |  $ | (-) 0.145 1.01(12) 
24 | 43.96924(6) <1 (0) 1 GE) 1 > 2.06 13.:8(16) 
26. | eeeeweeeesee b (0) 144) ]. 0.0038 0.0224) 
Bey Wet Aeasohe oe 28 _A4T.96778(10). | - (0) | (+). 0.0185 1.27(15) 
21 | Scandium | Se 24 | '44.9701015) -| $$ 1(—){| 100 | 0.18 
92 | Titanium Ti 24 45.96697(5) ° |} (0) | (+) 7.95 — 2.07(72) 
fads , 25 46.96668(10). |... 3 | (—) 7.75 2..02(70) 
26. 47 .96317(6) (0) }(+)| (73.45 19. 1(66), 
oT 48.96358(5) |. $ | (-) 5.51. 1.43(50) 
2: 49.96077(4) (0) | (+) 5.34, 1.39(48) 


See page 8-16 for footnotes and pages 8-16. to. 8-18 for -References. 


SYSTEMATICS OF STABLE NUCLEI 


OF STABLE NUCLEI. 


Magnetic Electric pina ei 
| ‘dipole quadrupole of last of last 
moment “moment 
ee: neutron proton 
“ Q En E> 
—1.91280(9) Jw. 2 2 
+2 79255(10) |....0.. 002... 2 2 
+0.957354(9) | +0.002738(14)| 2.225(2) | 2.225(2) | 
(—)2.127414(3) | .0... eee. 6.255(6) |......... 
+0.82189(4) J... 5.35(20) |......... 
+3.25586(11) | +(0.02)(2) 7.244(7) | 9.8(5) 
—1.1774(8) (0.02) 1.664(2) |16.93(15) 
+1. 8004(7) +0.0740(50) | 8.55(28) |......:.. 
+2.68858(28) | +0.0355(20) [11.460(11)]...:..... 
+0.70225(14) | ...i. ec... 4.957(6) |......... 
+-0.40365(3) | +0.02 10.7(2) |......... 
—0.28299(3) fo... eee ee. 10.838(11)].......2. 
eee Oe ren ee ren ee erry 16.3144) |..... 28. 
—1.8935(2) —0.005(,.*2) | 4.143(8) |..... Per 
Bleed etek pei Lahti en eet tell ad agrestatans 16. 35(20) 
Heo OPTED): | brace cacenxaueatt ua maatsa de teases 
Sen b she cesue ait ey ike cook oan 6.754(7) |......... 
Bach cna mte Metall hance abe, Ja 10.362(11)]......... 
+2. 21711(25) spire ieee 12.05(20) |......... 
(2) didedcmie yao 16.55(25) |.......0. 
—0.8552(2) ee ee 1 7.322(7) |11.5(10) 
ee ele ot ae at ss iene 111. 15(20) |14.0(10) 
+3.6408(4) +0. 149(2) 12.75(20) | 8.6(5) 
Mente, vee ceceee fee cece cence es /16.9(2)  111.31(20) | 
—0.55492(4) doe vee... | 8.471(10)}......... 
er av eee re Pe ee) en ea ter RCS 110.613(13)|......... 
+1 13165(20) tee ee or 12.35(20) | 7.15(4) 
ET RU TE Ne eT TORIES er mnt an 9.04(8) 
+0.64292(14) | —0.064(10) | 8.647(11)|......... 
ey ee ee 10.85(20) |......... 
+-0.82191(22) | —0.07894(2) |......0...[.00000008. 
+0.68414(24) | —0.06213(2) | 9.95(20) |........: 
+0.390873(13) J... 2.05.0. .5 418. 2a) eae 
—1.2982(4) ee errr 7.801(10)|......... 
+0. 21453(3) ae Ee eee Te | ere ae 
pea ass pis Sa tel tata apLBC OC! ~ jl eeseec ie 
—1.3152(2) fe... eee TABQ) oseeenees 
be TOSSED) ca rtcccrutesl apse Retetlea yy seds 
gS Re aah ol ACN ace ade ta ed 19-302) ~.. leiadiioy 
—0. 78706(10) Bede NG dates 8.74(10) |......... 
OEE eae es Soa 1 NN -111.05(40) ]...20..0. 
—1. 10220 re Cates 8.15(5) 


eoeoereeenes 


ee a a i a rary 


| Ground- 


state — 
configu- 
ration 
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8-8 NUCLEAR PHYSICS 


TABLE 8b-1. PROPERTIES 


Atomic Neutron Mass Atomic . % Cosmic 
No. Name ita No No. mass 7 cs abundance abundance 
Z y N |A=N+Z M ad (ref. 46) (ref. 4) 
23 | Vanadium V 27 50 49 .96330(12) 6 | (+) 0.24 0.006 
28 51 50.96052(5) 5) (—) 99.76 2.5 
24 | Chromium - Cr 26 50 49 .96210(7) (0): | (+) 4.31 4.3 
28 52 51.95707(9) | (0) | (+) 83.76 80 
29 53 52.95772(8) 3 | (-) 9.55 9.0 
30 54 53.9563 (2) (0) | (+) 2.38 2.2 
25 | Manganese Mn 30 55 54. 95581(10) 3 1(—)}| 100° 77 
26 | Iron Fe 28 54 53.95704(5) | (0) | (+) 5.84 1,100 
; 30 56 55. 95274(9) (0) | (+) 91.68 17 ,000 
31 57 56.95359(10) | (3) | (—) 2.17 400 
32 58 57 .9520(4) (0) | (+) 0.31 60 
27 | Cobalt Co 32 59 58.95157(10) %{(~)| 100 99 
28 | Nickel Ni 30 58 57 .95349(9) (0) | (+) 67.76 910 
32 60 59.94925(13) | (0) | (+) 26.16 350 
33 61 60.94907(23) | (3) | (-) 1.25. 17 
34 62 61. 94681(9) (0) | (+) 3.66 49 
36 64 63. 94755(7) (0) | (4) 1.16 16 
29 | Copper Cu 34 63 62.94926(6) gz) — 69.1 3.2 
36 65 64. 94835(6) 3} - 30.9 1.4 
30 | Zinc Zn 34 64 63. 94955(2) (0) | (+) 48.89 0.78 
36 66 65. 94722(6) (0) | (+) 27.81 0.44 
37 67 66. 94815(6) S| - 4.11 0.065 
38 68 67. 94686(7) (0) | (+) 18.56 0.30 
40 70 69.94779(6) | (0) | (+) 0.62 0.0099 
31 | Gallium Ga 38 69 68. 94778(6) 3 | - 60.2 0.39 
40 71 70.94752(9) zg] - 39.8 0.26 
32 | Germanium | Ge 38 70 69. 94637(7) (0) | (+) 20.55 0.51 
| 40 72 71.94462(7) (0) | (+) 27.37 0.68 
32 | Germanium Ge 41 73 72.94669(4) g | + 7.67 0.19 
42 74 73.94466(6) (0) | (+) 36.74 0.92 
44 76 75.94559(5) | (0) | (+) 7.67 0.19 
33 | Arsenic As 42 75 74.94570(5) $ | — 100 4.8 
34 | Selenium Se 40 74 73.94620(8) 0 | (+) 0.87 0.0022 
42 76 75. 94357(5) (0) | (+) 9.02 0.023 
43 77 76.94459(5) a:| — 7.58 0.019 
44 78 77 .94232(5) 0 | (+) 23.52 0.059 
46 80 79. 94205(5) (0) | (+) 49.82 0.12 
48 82 - 81. 94285(6) (0) | (+) 9.19 0.023 
35 | Bromine Br 44 79 78.94365(6) gz) - 50.52 0.21 
46 81 80. 94232(6) 3] - 49.48 0.21 
36 | Krypton Kr 42 78 77.94519(18) | (0) | (+) 0.354 
44 80 79.94246(11) | (0) | (+) 2.27 
46 82 81.93961(11) | (0) | (+) 11.56 ~0.87 
47 83 82.94059(7) g) + 11.55 : 
48 84 83.93836(9) | (0) | (+) 56.90 
50 86 85.93820(8) | (0) | (+) 17.37 
37. | Rubidium Rb | 48 85 84.93920(8) gy — 72.15 0.052 
50 87° 86.93709(17) 3 | — 27.85 0.019 
38 | Strontium Sr 46 84 83.94011(15) | (0) | (+) 0.56 0.0023 
48 86 85.93684(11) | (0) | (+) 9.86 0.040 
49 87 86. 93677(8) $ {+ 7.02 0.029 
50 88 87.93408(11) | (0) | (+) 82.56 0.34 
39 | Yttrium Y 50 89 88. 93421(11) 3|- 100 0.10 


See page 8-16 for footnotes and pages 8-16 to 8-18 for References, 
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8-10 *. NUCLEAR PHYSICS 


TaBLE 8b-1. PROPERTIES 


Atomic Neutron | Mass Atomic : . % Cosmic 


No. Name pee No. " No. mass se fa abundance abundance 
Z N |A=N+Z|.  M a (ref. 46) (ref. 4) 
40 | Zirconium Zr 50 | ~~ 90 89.93311(25) | (0) | (+) 51.46 0.77 
| 51 91 90.9343(4) 3 {+ 11.23. 0.17 
52 - 92 91.9339(4) (0) | GA) 17.11 0.26 
54 94 93.9365(5) | (0) | (+) 17.40 0.26 
2 56 96 95.9394(5) (0) | (4) 2.80 0.042 
41 | Columbium Cb 52 93 92. 93540(9) | +] 100 | 0.009 
or Niobium | or Nb 
42 | Molybdenum | Mo 50 92 91. 9352(4) (0) | (+) 15.86 0.030 
52 94 93.9353(4) | (0) | (+) 9.12 0.017 
53 95 94.946(8) Bi + 15.70 0.030 
54 96 95. 9358(4) (0) | (+) 16.50 0.031 
55 97 96.945(9) 8 ft + 9.45 0.018 
56 98 —-97.93610(40) | (0) | (+) 23.75 0.045 
58 100. | 99.93860(40) | (0) | (+) 9.62 0.018 
44 | Ruthenium | Ru 52 96 95. 9388(4) (0) | (+) 5.7 0.0053 
54 98 97.943(11) (0) | (4) 2.2 0.0021 
55 99 98.944(11) Bi (+A 12.8 0.012 
56 100 99.942(11) (0) | (+) 12.7— 0.012 
57 | 101 100. 946(11) 3] + 17.0 0.016 
58 102 101.941(11) (0) | (4) 31.3 0.029 
| | 60 100) lh eestor as (0) | (+) 18.3 0.017 
45 | Rhodium =| Rh 58 103 102.941(11) 3 { — | 100 0.035 
46 | Palladium Pd 56 102 | 101.93750(9) | (0) | (+) 0.8 0.00026 
; 58 104 -103.93655(11) | (0) | (+) 9.3 0.0030 
59 105 104. 93840(15) By} + | . 22.6 0.0072 
60 106 105.93680(19) | (0) | (+) 27.2 0.0087 
62 108 107.93801(11) | (0) | (+)} 26.8 0.0086 
64 110 109.93965(13) | (0) | (+) 13.5 0.0043 
47 |Silver Ag 60 107 106. 9387(2) 3 | —- 51.35 0.014 
62 109 108. 9394(5) a} - 48.65 0.013 
48 | Cadmium — Cd 58 106 105.93984(14) | (0) | (+) 1.215 0.00032 
, 60 108 107.93860(11) | (0) | (+) 0.875 0.00023 
62 110 109.93856(13) | (0) | (+) 12.39 0.0032 
63 111 110.93978(10) |} 4) + 12.75 0.0033 
64 112 111.93885(17) | (0) | (+) 24.07 0.0063 
65 113 | :112.94061(11) | og | + 12.26 0.0032 
66 114. | :113.93997(9) | (0) | (+) 28 . 86 0.0075 
| 68 116 115.94202(12) | (0) | (+) 7.58 0.0020 
49 | Indium In 64 113 112.94045(12) 3 | + 4,23 0.00042 
66 .| 115* 114.94040(11) 3] + 95.77 0.0096 
50 | Tin Sn 62 112 | :111.9407(5) (0) | (+); 0.95 0.0056 
64 114 113. 9394(6) (0) | (+) 0.65 0.0038 
65 115 114. 94014(25) 5 / + 0.34 0.0022 
66 116 115.93927(11) | (0) | (+) 14.24 0.087 
67 117 116.94052(10) | 3} + 7.57 0.047 
68 118 117.93978(16) | (0) | (+) 24.01 0.149 
69 119 118. 94122(12) 3 {+ 8.58 | 0.053 
70 120 119.94059(14) | (0) | (4) 32.97 0.19 
72 | 122 121.94249(15) | (0) | (+) 4.71 0.030 
74 124 123.94490(11) | (0) | (+) 5.98 0.038 
51 | Antimony Sb | 70. 121 120. 9426(2) $y + 57.25 0.0097 
: 72 123 122. 9430(3) | + 42.75 0.0073 
52 | Tellurium Te | 68 120 119.94288(16) | (0) | (+) O08 nesewatun 


See page 8-16 for footnotes and pages 8-16 to 8-18 for References. 
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years 
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8-12 NUCLEAR PHYSICS 


TABLE 8b-1. PROPERTIES 


Atomic Chem Neutron Mass Atomic Spi: | Par % Cosmic 
No. Name b 1 No. No. mass I ” abundance abundance 
Z Syme") ON |A=N+Z M ny (ref. 46) (ref. 4) 
52 | Tellurium Te 70 122 121.94193(8) | (0) | (+) WAG ose 
71 123 122. 94368(39) 31+ O87 Woancenesn 
72 124 123.94278(11) | (0). | (+) 4.61 = |..cseceeee. 
73 125 124.94460(31) | | + 6.99 Lees 
74 126 125.94420(7) | (0) | (+) 7 Wieeeeenten 
76 128 127.94649(13) | (0) | (+) S100 = eeeuehaeeGe 
78 130 129.94853(10) | (0) | (+) 34.49 ss fac... eee. 
53 | Iodine I 74 127 126.94528(13) | ¢ | + | 100 0.018 
54 | Xenon Xe 70 124 123. 94578(7) (0) | (+) 0.096 
72 126 125.94476(14) | (0) | (+) 0.090 
74 128 127.94446(9) | (0) | (+) 1.919 
75 129 128.94601(15) | 3 | + 26.44 
76 130 129.94501(10) | (0) | (+) 4.08 ~0.015 
77 131 130.94673(42) | 3 | + 21.18 
78 132 131.94615(10) | (0) | (+) 26.89 
80 134 133.94803(12) | (0) | (+) 10.44 
82 136 135.95046(11) | (0) | (+) 8.87 
55 | Cesium Cs 78 1330 Widtersent nase’ | + 100 0.001 
56 | Barium Ba 74 1S0;> Taka ecee dae (0) | (+) 0.101 3.91075 
| 76 132° - 4) whadecei tenes (0) | (+) 0.097 3.8X1075 
78 1i3f) (Vf a@beaeeeas (0) | (+) 2.42 0.00094 
79 1BBe . awswe-ssneass Bl (+) 6.59 0.0026 
80 136 135.9488(10) | (0) | (+) 7.81 0.0030 
81 137 136. 9502(10) g] + 11.32 0.0044 
82 138 137. 9498(5) (0) | (+) 71.66 0.028 
57 | Lanthanum La 81 6S: a nearer patel nee 0.089 1.91075 
82 139 138:953(8) $1C)| 99.911 0.021 
58 | Cerium Ce 78 126 Wiaeeieuentsedd (C) | (+) 0.193 4,4X1075 
80 iC: a ene ee ee (0) | (+) 0.250 5.8X1075 
82 140 139.9488(10) | (0) | (+) 88.48 0.020 
84 142 141.9528(4) (0) | (+) 11.07 0.0025 
59 | Praseodymium| Pr 82 141 140.9509(4) ey + 100 0.0096 
60 | Neodymium Nd 82 142. OP oe ihre: (0) | (+) 27.13 0.0090 
83 Ce an eee | (3 12.20 0.0040 
84 144* | 143.9562(3) (0) | (+) 23.87 0.0079 
85 145 144,962(4) % | (-) 8.30 0.0027 
86 146 145.962(4) (0) | (+4) 17.18 0.0057 
88 148 147.9642(6) (0) | (+) 5.72 0.0019 
90 150 149. 9676(3) (0) | (+) 5.60 0.0018 
62 | Samarium Sm 82 144 143. 9567(9) (0) | (+) 3.16 0.00038 
85 1472) eee yeh, % | (-) 15.07 0.0018 
86 148 147.9616(7) (0) | (+) 11.27 0.0014 
87 1407  ctaeuaeaues $1 (-) 13.84 0.0017 
88 150 149.9632(10) | (0) | (4) 7.47 0.0009 
90 152 151.9677(5) (0) | (+) 26.63 0.0032 
92 154 153.9712(5) (0) | (+) 22.53 0.0027 
63 | Europium Eu 88 7 Ce CEE ee ree 3 | (+) 47.77 0.0013 
90 153: Videtantceneees 3) + 52.23 0.0015 
64 | Gadolinium Gd 88 152)> Se peurbtaiees (0) | (+). 0.20 3.41075 
90 154 153.9694(4) (0) | (4) 2.15 0.00037 
91 155 154.971(6) (%) | (-) 14.73 0.0025 


See page 8-16 for footnotes and pages 8-16 to 8-18 for References. 
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8-14 NUCLEAR PHYSICS 


TABLE 8b-1: PROPERTIES 


Ch Neutron Mass Atomic | % Cosmic 
No Name 5 No. mass se bund bundanc: 
symbol I ity abundance abundanc:; 
Z N A=N+2Z M (ref. 46) (ref. 4) 
64 | Gadolinium Gd 92 156 155.9715(4) (0) | (+) 20.47 0.0035 
93 157 156. 973(6) () | (-) 15.68 0.0027 

94 158 157 .9736(8) (0) | (+) 24.87 0.0042 

96 160 159. 9785(12) (0) | (+) 21.90 0.0037 - 

65 | Terbium Tb 94 159" ob pidastseteons 2 1(4)] 100 0.0052. 
66 | Dysprosium Dy 90 T5G:- (8 ztee thet ends (0) | (+) 0.0524 1.01075 
| 92 1586 oP eae eee Waa (0) | (+) 0.0902 2.01075 

94 160 159 .9752(14) (0) | (+) 2.294 0.00046 

95 AGL i se hoeeive ha 3%) | (-) 18.88 0.0038 

96 162 161.9779(11) (0) | (+) 25.53 0.0051 

97 168). late tee tae EBA 24.97 0.0050 

98 164 163 .9814(14) (0) | (+) 28.18 0.0056 

67 | Holmium Ho 98 165 164. 9822(8) ${ + 100 0.0057 
68 | Erbium Er 94 €62. stds tauouts (0) | (+) 0.136 1.61075 
96 164 163. 9827(12) (0) | (+) 1.56 0.00024 

98 166. “hades Sereaeses (0) | (+) 33.41 0.0053 

99 NGT | Wings Sree neste % | (-) 22.94 0.0039 

100 168 167 .9849(4) (0) | (+) 27.07 0.0043 

102 170 (169. 9907) (0) | (+) 14.88 0.0023 

69 | Thulium Tm | 100 (60> Veda Uokertoea 3 |] 100 0.0029 
70 | Ytterbium Yb 98 168 hice claeentes (0) | (-++) 0.140 9.01076 
100 1700 . i sgecngss ee abe (0) | (+) 3.03 0.00063 

101 IFAs, - Wcedadeewte eds 4 | (-) 14.31 0.0021 

102 1 a Sevens omeene tere (0) | (+) 21.82 0.0032 

103 nn eee 3 | (-) 16.13 0.0026 

104 Vid? Viger otiateed (0) | (+) 31.84 0.0044 

106 1 a ee enc cere (0) | (+) 12.73 0.0020 

71 | Lutecium Lu 104 Vibi- |W cvecdantin is 3 1(+)| 97.40 0.0047 
105 1768" “Vo cncat hae leeoas 2.60 0.00012 
72 | Hafnium Hf 102 17> Wit eects altos (0). | (4) 0.18 1.31075 
104 176 175.9957(7) (0) | (+4) 5.15 0.00037 

105 WT.  Vscoesiuacaeds 318 | (-) 18.39 0.0013 

106 178 177.9988(9) |. (0) | (+) 27.08 0.0019 

107 170° fe ese eewauees 3—-, 3]... 13.78 0.00097 

108 180 180. 0031(8) (0) | (+4) 35.44 0.0025 

73 | Tantalum Ta 108 181 181.0031(13) 3 | + 100 0.0031 
74 | Wolfram Ww 106 1802. lr acansgrcers an (0) | (+) 0.135 0.00021 

108 182 182.0041(7) 0 | (4B 26.4 0.044 

109 183 183 . 066(7) % | (-) 14.4 0.024 

110 184 184. 0074(7) (0) | (+) 30.6 0.052 

112 TRO” | tl Suede hes ae (0) | (+) 28.4 0.050 

75 | Rhenium Re 110 185° ME eee arGaenl ad $) + 37.07 0.0015 
112 187% |W eae sae osc $i + 62.93 0.0026 
76 | Osmium — Os 108 184-1) Biseee peta ees (0) | (+) 0.018 6.31076 
110 i nl eee ces (0) | (+) 1.59 0.00056 

111 187 (|, cunpenerncee (3) | (-) 1.64 0.00057 

112 188 188 .0157(5) (0) | (+) 13.3 0.0047 

113 189 189 .04(2) 8 | (-) 16.1 0.0056 

114 190 190.0174(6) (0) | (4+) 26.4 0.0092 

116 192 192.0225(6) (0) | (+) 41.0 0.014 

77~—‘| {ridium Ir 114 191 191. 038(10) gi + 38.5 0.0054 
116 193 193. 039(10) $+ 61.5 0.0086 


See page 8-16 for footnotes and pages 8-16 to 8-18 for References. 
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TABLE 8b-1. PROPERTIES 


Atomic Chem Neutron Mass P % Cosmic 
No. Name . mbol No. No. O. abundance abundance 
Z N |A=N+2Z ~~ (ref. 46) (ref. 4) 
78 | Platinum Pt 112 190 (+) O01 a Sisw erat 

114 192 (+4) 0.78 0.00068 
116 194 194.0241(6) (+) 32.8 0.029 
117 195 195 .0265(6) , | — 33.7 0.029 
118 196 196. 0267(6) (+) 25.4 0.022 
120 198 198. 0327(6) (+) 7.23 0.0063 
79 | Gold Au 118 197 197 .039(6) + 100 0.0082 
80 | Mercury Hg 116 196 (+) 0.146 j........... 
118 198 (+) 10.02 = |.......eeee 
119 199 = 1688 “elects: 
120 200 (+) 9319: . Wiedisrerns 
121 201 (-) 13.22 |........eee 
122 202 (+) 29.80 = |........0-- 
124 204 (+) 6:85  tissvercuvs 
81 | Thallium Tl 122 263 203 . 059(9) 3 | + 29.50 ss c.ceeee eee 
124 205 205 . 059(9) z | (+) 70.50 = s Juveeeeeeee 
82 | Lead Pb 122 204 204 .0363(10) (0) | (+) 1.48 0.0041 
124 206 206 .0388(10) (0) | (+) 23.6 0.064 
125 207 207 .0405(10) | - 22.6 0.061 
126 208 208 .0416(10) (0) | (+) 52.3 0.14 
83 | Bismuth Bi 126 209 209 .0446(10) 2 1(-)| 100 0.0021 
90 | Thorium Th 142 232* | 232.1093(10) (0) | (+)} 100 0.012 
92 | Uranium U 142 934* | 234.1130(10) (0) | (+) 0.0058  |........... 
143 235* | 235.1156(10) 5 1 (+ 0.715 1.8 1075 
146 938* | 238.1242(10) (0) | (+) 99.28 


0.0026 


. Ground-state configuration assigned by GLT by analogy with Z = 11. 
. Ground state configuration assigned by GLT by analogy with Z = 25. 


. Probable spin and parity assignments by GLT based on shell-model predictions of ground-state configurations. 


a 
b 
c. Energetically unstable with respect to both 67 and @t (ref. 27); neither so far observed. 
d 
e 


. Ground-state configurations assigned by GLT. 
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or SraBLE Nucuer (Continued) 
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moment Tnoment : M I} w@ | Q| En| Ep 
neutron proton ration 
“ Q En Ey | (ref. 38) 
ies eee dha fata. gett atone tO aeond OR ath tee al ea a Sas olenc ty kel tie Me oa 7 
sree i ean Sect hte da lea atten tanec aise, Mra ted wealane nena oe A taepaite folll lake adie te! 7 
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Assumption (2), if rigidly adhered to, leads to an extreme single-particle model, in 
which the properties of odd or odd-odd nuclei are to be deduced from the effects of 
the odd particle(s) alone. This model meets with a high degree of success in account- 
ing for nuclear spins and parities but fails in a few cases, notably N or Z = 11 or 25, or 
Z = 9; its success is less marked, but still noteworthy, for more complex properties 
such as magnetic and quadrupole moments. Somewhat more general is the odd- 
group model, which allows for interactions among an odd number of identical particles 
outside a closed shell but retains the features of the single-particle model as regards 
an even number of identical particles outside a shell. This model can account for 
the spins of systems with N or Z = 11 or 25. A still more general model may be 
called the open-shell model; this permits interactions among all particles outside closed 
shells. A generalization in a different direction allows for a deformation of the 
“core” of nucleons in closed shells, either as a simple distortion’ or as the excitation 
of “surface waves,” the core being treated as a liquid drop.’ 

Both the single-particle and odd-group models treat odd-odd nuclei by ascribing 
to each group separately the properties it could be expected to have if the other group 
were even, and then combining the results. If the total angular momentum of one 
group is ji, that of the other jz, then the spin J of the nucleus lies between the bounds 


Ta hl SI SH tae 


Some sanienapinical rules have been set forth to reduce the indicated range of choice. 
One general set? is: given the 7’s and corresponding l’s of the odd groups, 


I = lj —jft. forji tjeth th = 2K; _ 
I > lj — fal for ji tptht+h =2K +1. 


Another‘ applies to systems in which one odd group consists of a single particle out- 
side a closed shell while the other is one particle short of forming a closed shell; then 
the rule is J = j1+j2—1. Both have some theoretical justification; in the only 


1 Rainwater, Phys. Rev. T9, 432 (1950). © 
2 Foldy and Milford, Phys. Rev. 80, 751 (1950). 
3 Nordheim, Phys. Rev. 78, 294 (1950). - 
4Kurath, Phys. Rev. 91,1430 (1953). * 
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TaBLeE 8b-2. LEvEL ORDER — : be | 


Proton levels Neutron levels 


No. of protons | : ace | No. of neutrons 
“Intever | shell | Dee te hel ks ea pe 
| (in supe) un subshell) 
2 2 2 2 2 1s; 
4 | 4 273 
2 6 8 6 2 271 
6 (6) (14) (6) 6 | Bd, 
2 (2) (16) (2) 2 283 
4 12 20 12 4 3d, 
8 8 28 8 8 Afy 
4 | oe 3Dy 
6 (10) (38) (10) 6 fs 
2 (2) (40) (2) 2 3p, 
10 22 50 22 10 59 
8 (8) (58) 6 4dy 
6 8 593 
12 12 Chay 
4 (22) (80) (30) 4 4d, 
2 32 82 32 2 3s; 
10 | 8 5f; 
8 10 6h; 
6 6 ‘Bfs 
14 4 ‘Apy 
4 14 Visa 
2 440 126 4 2 Ap, 
12 10 6g 
12 Tia 
6 dds 
8 693 
4 


case in which they conflict and a measurement has been made: eS) the agreement 
is with the second rule. 

‘8b-3. Semiempirical Mass Formulas. e ‘Wigner! adidas for itis ‘bndane energy of 
a nucleus the expression os | 


Ep = 3A(A —1)L’ — ZL + BA 4 Cr) a rs 445,)A-1 + On — 1) A-4, 


3(N — Z) 
1 — ${(—1)¥ + (—1)4], 


a 
2a ~ () — BT +4) — B43 


where _ . Te 
5A 


bhnt 
bad 
mn 


1 Wigner, ‘University of Pennsylvania Bicentennial Conference,” University of Penn-+ 
sylvania Press, Philadelphia, 1949. 


$ 
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B and C are constants, related by 
, (9he?\2 
Bot = @a)t (FE) 3 


and L and L’ are functions of A. The first two terms are potential energy, the next 
two kinetic energy, and the last the Coulomb energy. C can be evaluated from 
mirror nuclei, and has the value 0.635 mmp. L and L’ can be calculated as follows: 
the difference between binding energies of two isobars depends only on L and known 
or calculable quantities; thus L can be determined (for a given A), and then from the 
original equation L’ is determined.' 

Carrying out the analogy between nuclear matter and liquid droplets gives the 
equation? 


M(Z, N) =NM,+ZM, — aA + B(N — Z)?A™? + vyAi + «Z2A74 


The first two terms represent the masses of the constituents, the third term a “volume” 
energy, the fourth a symmetry energy, the fifth a surface energy, and the last the 
Coulomb energy. The last term is sometimes written as eZ(Z — 1)A73, with resulting 
changes in results to be given below. The most stable nucleus for a given value of A 
has atomic number 


Za = 4A(48 + Mn — Myp)(48 + Ad), 
and mass 


M(A, Za) = (M, —a+6)A + yA? — 3(48 + Mn — My)Za. 


The Coulomb constant ¢ is evaluated from mirror nuclei, 8 from a fit of the curve of 
Z, vs. A with known stable elements, and a and y by fitting the masses of two stable 
elements. 

Bohr and Wheeler? evaluate Za vs. A empirically, and write 


M(Za, A) = A(1 + fa), 
0, A odd; 
M(Z, A) = M(Za, A) + aBa(Z — Za)*?* + | —%64, A even, Z even; 
+54, A even, Z odd; 


fa is the average value of the packing fraction around mass number A; 
Ba = [My — My, + (6Za0*)(5r0A?) “lA — Zal* + (Ge?) (5roA})-}; 


and 6,4 is a pairing energy, evaluated empirically. Their values for 64 range from 
2.8 Mev at A = 50 to 1.0 Mev at A = 240. 

The Bethe-Bacher formula can be put in this form:* using the above expressions 
for Z4 and M(A, Za), . 


a 2 
M(Z, A) = M(Za, A) + (46 + My — My) FP 


Both references also add the pairing-energy term; they use 64 = 0.072A-* amu 
without theoretical justification. | 


1 For further details and values of L and L’ see Collins, Nier, and Johnson, Phys. Re». 
86, 408 (1952); and Halsted, Phys. Rev. 88, 666 (1952). 

2 Bethe and Bacher, Revs. Modern Phys. 8, 82 (1937). 

3 Bohr and Wheeler, Phys. Rev. 56, 426 (1939). 

4 Fermi, ‘‘ Nuclear Physics,’ University of Chicago Press, Chicago, 1950: and Metropolis 
and Reitwiesner, ‘‘Table of Atomic Masses,” unpublished, 1950. 
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No account has been taken here of shell-structure effects. Wapstra' suggests an 
additional term in the liquid-drop formula of the form 


EB; = Af (7 wm) 


for the ith proton shell, and an analogous term for neutrons; f(z) is an unknown 
function such that f(0) = 1, f(—x) = f(x). Taking for simplicity f(z) = (1 + 2)", 
he gets good results with W; = 3.5 for alli, Azos0 = Anoso = 6.25 Mev, Anse = 6.00 
Mev. 

_ Stern? adds to the liquid-drop formula, for A > 208, a term 


0.01270 — 0.02340 exp [—18(A — 208) /208]; 


no theoretical explanation is offered, but agreement with experimental data is improved. 

Coryell? suggests that solutions for Za, Ba, and 64 should be sought only locally, 
i.e., between shells, and that good results follow from locally linear dependence of 
Zaon A. 

Kohman‘ maintains that the pairing-energy term should have the form gmra(—1)44 
+ $va(—1)¥+1, With ra + va = 64,74 — va = ea, then empirically 54 = 1.3 Mev, 
e4 = 0.1 Mev. See also Suess.5 

Some attempts have been made to evaluate the coefficients in the liquid-drop 
formula on theoretical grounds, or to deduce the form of the equation® or to take 
account of other factors such as compressibility of nuclear matter.? However, in 
general the added complexity appears not to be compensated for by a significant 
increase in accuracy. It is of some interest to note that the expression deduced by 
Allard has some points of similarity to both the Wigner formula and the liquid-drop 
formula. | | 

8b-4. Stability Rules. General Considerations. Assuming only (1) attractive pair- 
ing forces between nucleons and (2) saturation of nuclear forces, Sengupta® shows 
that, if an odd-A nuclide is B~-unstable, so are all its isobars of smaller Z; if an odd-A 
nuclide is 6t- or electron-capture-unstable, so are all its isobars of larger Z. 

Let a given nuclide® be specified by the number of four groups m, the number 
of ungrouped neutrons n (= N — 2m), and the number of unpaired protons p 
(= Z—2m, =0 or 1). Define (by interpolation, if necessary) E,(m, n, p) and 
E,(n, m, p) as the energy gained by adding an even neutron or proton, respectively, 
to nuclide (m, n, p), E,(m, n, p) and E,(m, n, p) as the energy gained by adding odd — 
particles, and E.(m, n, p) as the Coulomb energy of nuclide (m, n, p). Let m1, no, na, 
and n, be the solutions of 


E.(m +1, ni — 4,0) — E. (m, nm — 1, 1) + mc? 
= E,(m, m — 2,1) — E,(m, ni — 2,1), 
Em, nz — 1,1) — E.(m, ne, 0) + mec? = E,(m, nz — 1,0) — E,(m, nz — 1,0), 
E.(m +1, nz — 4,0) — E-(m, nz — 1, 1) + mec? 
| = E,(m, nz — 2,1) — E,(m, ns — 2,1), 
E.(m, ns — 1,1) — E.(m, ns, 0) + mec? = E(m, ny — 1,0) — En(m, ng — 1,0). 


1 Physica 18, 83 (1952). 

-2 Revs. Modern Phys. 21, 316 (1949). 

3 Ann. Rev. Nuclear Sci. 3, 305 (1953). 

4 Phys. Rev. 85, 530 (1952); also Suess, Phys. Rev. 81, 1071 (1951). 

5 Phys. Rev. 81, 1071 (1951). 

6 For example, Gombas, Ann. Phystk 10, 253 (1952); Allard, J. phys. radium 8 (ser. 8), 65 
(1947); Hammack, PhD thesis, Washington University, 1951. 

7 Feenberg, Revs. Modern Phys. 19, 239 (1947). 

8 Phys. Rev. 89, 1296 (1953). 

® Fuchs, Proc. Cambridge Phil. Soc. 35, 242 (1939). 
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Then stable isobars of nuclide (m, n, p) can exist only for m1 <n < 14, stable nuclides 
of type (m, 2k, 1) only for ne < 2k +1 < ns. Neglecting spin effects, ns — nz = 2; 
spin effects generally tend to increase this somewhat. Also m4 — n3 = m2 — 11. 
Rough estimates give | 
Mm — 1, 3 — 7, 
Ne — Ne = Ne — N1 = 0.5 — 2.5. 


The difference between n, and n, should increase with i increasing ™; the actual decrease 
beyond m & 30 cannot be explained on these assumptions. 

Shell structure is not taken into account in these estimates (or in others below). 
Its effect may be described! as a tendency to narrow the limits of stability when a 
‘magic’? number lies between them, to widen them when such a number lies outside 
but near them. enOUnCE description would be to say that the lines of stabilly. tend 
to lie along the “‘magic’’ number lines. 

Specific Models. MeMillan? finds that, if nucleons form a desenerats Fermi gas, 
with n-n, p-p, and n-p forces equal apart from Coulomb interaction, the curve of 
greatest stability has the form : 


Za = ZAll + (OK) (Bu) 1a] * 


where p» is the maximum kinetic energy and K a constant whose value depends on the 
proton density distribution ve relation obtained as Bethe and Bacher from liquid- 
drop model, above). 

The eg: drop model gives ii the energy available for B decay 0 of nuclide (A, a 


o oe fs ; 0, A odd, | 
Eg = Ba{|Z — Zal — x} +4 +64, A even, Z odd, 
| { —4a, ee Z even. 


From this‘ the upper limit of £6 stability is 2, = Za + Sa, the lower limit 
Za = Za _ - Sa, where S4 = (64/Ba) + 1. Below A = 30, Ba > 254 and Sa < 1, 
and there may be no even-even nuclide between Z', and 2, ve ; in this case an odd-odd 
one may be stable. 

The energy of an a particle emitted by nuclide (A, Z) is? 7 


Qa = AAfa) — fae — eBa(2 — AZa)? — Bald — AdnZ — 4a), 


where A, F(A) = F(A) — F(A’ —n). If Za and Afa are opproximately | jaeab: in A, 
then o, suats 


Qa SZ As(Afa) — foe — eBa(2 — AgZa)?'— BadiZa(2 — AgZa)(A — Az), 


with Az the most stable A for given Z; the main term is A,(Afa). Nuclide (A, Z) 


is a-unstable for Qe > 0. 
For liquid-drop model with shell-effect correction, Wapstra® deduces for the line of 


maximum stability (‘“‘center of the valley of stability ’’) 


Ma — Muy _ As 


Ze = Za — 4c 


4e bi(Ze), ‘ 


1 Aten, Science 110, 260 (1949). 

2 Phys. Rev. 92, 210 (1953). 

3 Bohr and Wheeler, loc. ci. 

4 Kohman, Phys. Rev. 73, 16 (1948). 
5 Kohman, Phys. Rev. 76, 448 Oe 
6 Physica 18, 83 (1952). 
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and for the limits of stability 


ede 7 A: : = 
Ve a Ae - fos nae $:(Z1 F 1), 
with jax 2, 
Z — Zi Tor 1 r 1 
c= heAVA — 224)? o(Z) =f Za Bei) -f oe) 


Sc. Passage of Particles through Matter 


WALTER JOHN! 


University of Illinois 


8c-1. Introduction. This article presents some of the commonly used formulas 
and data concerning the passage of particles. through matter. Because of space 
limitations, much useful material has been omitted. For general discussion of these 
topics and extensive bibliographies to the literature, the reader is referred to H. Bethe 
and J. Ashkin, Part II, ‘‘Experimental Nuclear Physics,” E. Segré, ed., John Wiley 
& Sons, Inc., New York, 1953,,and to 8. K.. ellison and 8. D. Warshaw, Reve: Modern 
Phys. 25, 779 (1953). a 

8c-2. Range-Energy Relations for Heavy Charged Particles. Heavy charged 
particles lose energy principally by inelastic. collisions with the electrons of the atoms 
in the stopping material. ‘The average energy loss per centimeter of path length 
is called the stopping power. ‘The stopping power is given ey 


dE _Amete®NZ[, 2mo® eu 
i aa E r =i (1 Be - 6° | 


where z = charge number of the incident particle 
N = number of atoms/cm of the stopping material 
Z = atomic number of the stopping material 
m = electron mass 
» = velocity of the incident particle 
B = v/c, where c = the velocity of light ° 
I is the average excitation potential of the atom. J is approximately 10Z ev.? 

The range of a particle is obtained from the stopping power by integration. The 
range of a particle of charge ze, mass M, and kinetic energy FE may be obtained from 
the range of a proton of energy (M,/M )E, where M, is the proton mass, by the 
_ following relation: 


Reu(E) = nie Ry Gr E) 


The tables for energy loss are’ derived from considerations of collision losses only. 


1 The author is indebted to. Prof. Emilio Segré for valuable guidance in the preparation 
of this article. | . 
2 For experimental values of J, see R. Mather and E. Segré, Phys. Rev. 81, 191 (1951). 
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TaBLE 8c-1. Rate or Enreray Loss AND RANGE OF PROTONS IN Coppmr, 
I = 309.91 rv* | | 


E, Mev | — - Mev g7! cm? R, g cm~? 

a a 4.666 X 107-2 
5 47.05 6.803 
6 41.27 9.078 
8 33.42 1.4499 K 107! 
10 28.29 2.1031 

12 24.65 2.8626 

14 21.92 3.7248 

16 19.79 4.6865 

18 18.08 5.7452 

20 16.67 6.8985 

22 15.49 8.1444 

24 14.48 9.4811 

26 13.61 1.0907 X 10° 
28 12.85 1.2420 

30 12.19 1.4019 

35 10.82 1.8384 

40 9.757 2.3259 

45 8.913 2.8628 

50 8.223 3.4474 

55 7.647 4.0785 

60 7.160 4.7547 

65 6.741 5.4749 

70 6.377 6.2380 © 

75 6.057 7.0430 

80 5.774 7.8888 | 

85 5.523 8.7746 

90 5.296 9.6994 

95 5.093 1.0662 X 10 

100 4.908 1.1663 

110 4.585 1.3773 

120 4.312 1.6023 

130 4.079 1.8409 

140 3.877 2.0925 

150 3.701 2.3566 

160 3.545 2.6328 

170 3.407 2.9206 

180 3.284 3.2197 

190 3.172 3.5296 

200 3.072 3.8500 

225 2.858 4.6948 

250 2.686 5.5979 

275 2.545 6.5548 

300 2.426. 7.5615 

329 2.326 8.6143 

350 2.240 9.7099 

375 2.166 1.0845 X 10? 
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TaBLeE 8c-1. Rate or ENERGY Loss AND RANGE OF PROTONS IN COPPER, 
I = 309.91 Ev* (Continued) 


E, Mev 


400 
425 
450 
475 
500 
550 
600 
650 
700 
750 
800 
850 
900 
950 
1,000 
1,100 
1,200 
1,300 
1,400 
1,500 
1,600 
1,700 
1,800 
1,900 
2,000 
2,250 
2,500 
2,750 
3,000 


3,290 © 
3,500 


3,750 
4,000 
4,250 
4,500 
4,570 
5,000 
5,500 
6,000 
6,500 
7,000 
7,500 
8,000 
8,500 
9,000 
9,500 
10,000 


* W. Aron, UCRL-1325. 


adi —1 2 
an’ Mev g-!cm 


es 


bo 


frm fam fmm fom fmm fh mh fof frm fame fmeh eh femme fame fame fume fk fe fm fame fh rms fneeh mh fh femme mek mh mh fem foe fem fk feed feck fumed fk feed kets) 


.101 
.045 
.994 
. 948 
. 909 
. 840 
184 
137 
.698 
. 665 
.638 


613 


. 592 
.575 
.558 
.533 
.914 
.499 
.488 
.480 
.473 
.469 
.466 
464 
.463 
.464 
467 
473 
.481 
.489 
.497 
. 506 
.515 
.§24 
.933 
. 542 
.551 
. 568 
. 584 
.600 
.616 
.630 
.644 
.658 
.671° 
.683 
.695 


Aaorana»rhth PR WWWONNN NNN RK K&B RK SP BeBe OONNOUo BP BB RW WWD DD B&B ee = Se 


R, g em? 


.2018 
3224 
.4463 
.5731 
. 7028 
. 9698 
. 2459 
. 5300 
.8212 


1186 


.4215 
1294 - 
.0414 
.38072 
.6764 
. 3235 
. 9800 
. 6439 
.3134 
. 9874 
. 6647 
. 3445 
.0026 X 103 
.0709 
. 1393 
.3102 
. 4808 
. 6508 
. 8201 
. 9885 
. 1560 


3226 


.4881 


6526 


. 8163 
.9789 
. 1407 
.4613 
. 1786 
. 0926 
.4036 
.7116 
.0170 
.3198 
.6202 
.9182 
.2142 
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CURVE 1 - dE/q, x 100 (MEV/CM) 
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Fia. 8c-1. Rate of energy loss of protons in air. 
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(Aron, Hoffman, and Williams, AECU 663.) 
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Fia. 8c-2. Range-energy relation for protons in air. 


663.) 


(Aron, Hoffman, and Williams, AECU 


NUCLEAR PHYSICS 


8-28 


CURVE 11:100(-9E/g,x) (MEV/mg-cm?) 
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Fig. 8c-3. Rate of energy loss for protons in aluminum. 
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Fia. 8c-4. Range-energy relation for protons in aluminum (0 to 18 Mev). 
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TABLE 8c-2. Rate oF Enercy Loss anD RANGE OF PROTONS IN SILVER, 


I = 470 Ev* 
E, Mev | — ae Mev g7! cm? R, g cm~? 
dz } 
4 46 .436 6.260 XK 107? 
6 35.194 1.1263 X 107! 
8 28 .682 1.7597 
10 24.385 2.5189 
12 | 21.320 3.3985 
14 19.024 4.3935 
16 17.224 5.5000 
18 15.770 6.7149 
20 14.569 8.0356 
22 13.559 9.4598 
26 11.950 1.2610 X 10° 
30 10.722 1.6150 
34 9.7514 2.0067 
38 8.9638 2.4350 
42 8.3106 2.8989 
46 7.7596 3.3974 
50 7.2880 3.9296 
60 6.3594 5.4028 
70 5.6737 7.0711 
80 5.1454 8.9248 
90 4.7254 1.0955 X 10 
100 4.3829 1.3155 
110 4.0982 1.5516 
120 3.8577 1.8033 
130 3.6517 2.0699 | 
140 3.4732 2.3508 
150 3.3171 2.6455 
160 3.1794 2.9536 
170 3.0570 3.2744 
180 2.9474 3.6077 
190 2.8489 3.9258 
200 2.7598 4.3095 
225 2.5702 5.2493 
250 2.4173 6.2532 
275 2.2915 7.3161 © 
300 2.1864 8.4337 
325 2.0972 9.6017 
350 2.0208 1.0817 X 10? 
375 1.9547 1.2075 
400 1.8970 1.3374 
425 1.8462 1.4710 
450 1.8014 1.6081 
475 1.7614 1.7485 
500 1.7257 1.8919 
600 1.6148 2.4921 
700 1.5388 3.1274 
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TaBLE 8c-2. Rate or ENERGY Loss AND RANGE OF PROTONS 1N SILVER, 
= 470 Ev* (Continued) 


_E, Mev | — Mev g-tcm?; £4, gcm~? 

800 1.4847 3.7895 
900 1.4452 4.4727 
1,000 1.4158 5.1721 
1,200 1.3769 6.6063 
1,400 1.3548 8.0718 
1,600 1.3426 9.5554 

1,800 1.3368 1.1049 X 103 
2,000 1.3351 1.2546 
2,500 1.3413 1.6285 
3,000 1.3548 1.9995 
3,500 1.3712 2.3664 
4,000 1.3887 2.7287 
4,500 1.4063 3.0865 
5,000 1.4235 3.4399 
6 ,000 1.4563 4.1343 
7,000 1.4864 4.8139 
8,000 1.5141 5.4804 
~ 9,000. 1.5395 6.1353 
10 ,000 1.5630 | 6.7799 


* W. Aron, UCRL-1325.. 
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Fie. 8c-5. Range-energy relation for protons in aluminum (10 to 10,000 Mev). (Aron, 
Hoffman, and Williams, AECU 663.) 
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TaBLE 8c-3. Rate or ENerRGy Loss anp RANGE or Protons IN LEaD, 


225 
250 
275 
300 
325 
350 
375 


* W, Aron, UCRL-1325. 


I = 810.79 nv* 


meee DDN NDNNNNWWWWWWRRARRROMENOWUSR OO 


7.90 X 10-3 
2.505 X 107? 


4.98 
8.1668 


1.4752 X 1071 


.2981 
.2755 
. 3949 
.6537 
.0474 
.5722 
.0225 
. 2002 


CO NT Or RR OO DO 


1.0970 
1.2177 
1.3435 
1.4743 
1.6100 
1.8957 
2.1998 
2.5216 
2.8603 
3.2153 
3.5861 
3 
4 
4 
5 
6 


xX 10° 


xX 10 
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TABLE 8c-3.. RATE oF EnerRGy. Loss AND RANGE oF PROTONS IN LEaD, 
I = 810.79 gv (Continued) 


E, Mev. | — ia Mev g7! cm?  R,gem? 


400 |: . 1.5928 1.6042 — 
425 1.5511 1.7633 — 
450 1.5143 1.9265 
475 1.4815 2.0934 
500 1.4522 2.2639 
550 1.4022 2.6145 — 
600 1.3613 2.9766. 
650 1.3274 3.3487 
700 1.2992 3.7295 — 
750 1.2753 4.1180 - 
800 1.2551 4.5133 
850 1.2379 4.9145 
900 1.2231 5.3209 
950 - 1.2104 . 5.7319 
1,000 1.1994 | 6.1469 
1,100 1.1818 6.9871 
1,200 1.1686 | 7.8383 
1,300 1.1588 8.6978 
1,400 - 1.1516 9.5635 
1,500 1.1464 | 1.0434 x 103 
1,600 | 1.1428 1.1308 
1,700 |. — 1.1405 1.2184 
1,800 1.1392 1.3061 
1,900 1.1387 1.3939 
2,000 1.1390 1.4817 - 
2,250 1.1417 1.7010 — 
2,500 1.1467 1.9195 
2,750 1.1531 2.1369 
3,000 1.1604 2.3531 
3,250 - 1.1681 2.5678 
3,500 1.1762 2.7811 
3,750 1.1844 2.9929 
4,000 1.1927 3.2033 
4,250 1.2009 3.4122 
4,500 1.2091 | - 8.6196 
4,750 1.2171 3.8257 
5,000 1.2251 - | 4.0305 — 
5,500. 1.2405. | 4.4360 . 
6,000 1.2553. | 4.8367 
6,500 1.2694 5 2328 
7,000 1.2830 5.6245 
7,500 1.2959 6.0123 
8 000 1.3083 =| 6.3963 
8 500 1.3202 6.7767 
9,000 1.3315 | 7.1538 
9,500 1.3425 7.5278 
10,000 1 


.38529 ~~... | —-7.8988 
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TaBLE 8c-4. Rate or ENeRcy Loss or Protons in BeryLirum, Mica, ALUMINUM, 
CoprER, AND GoLtp For Proton EnErGies FRom 25 To 2,000 KEv* 


dE /dz, kev X em?/mg 


Proton 


energy, tee 
kev Mica Au 
(muscovite) 
25 
50 61 
75 77 
100 87 
150 90 
200 91 
250 90 
300 — ©§86 
300 | 84 
400 81 
450 79 
500 - 76 
550 74 
600 72 
650 70 
700 68 
750 66 
800 64 
850 62 
900 60 
950 58 
1,000 56 
1,050 54 
1,100 52 
1,150 51. 
1,200 49 
1,250 48 
1,300 47 
1,350 46 
1,400 45 
1,500 44 
1,600 42 
1,700 42 
1,800 42 
1,900 42 
2,000 


* Allison and Warshaw, Revs. Modern Phys. 25, 779 (1953). 
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8c-3. Straggling of Heavy Particles. (AR)? denotes the mean-square fluctuation 
in the range of particles of energy E, i.e.,. : 


(AR) x? = [(R*)av — (Rav)? lz 
The probability of finding a particle with range between R and Rk + dR is 


p(R) dR = —\~ exp | - eae | dR 


a is 


where a? = 2(AR)z*. More accurate theory shows deviations from the Gaussian 
distribution function given here. (AR)z? may be calculated from 


E \N=-31 — @2/5 
(AR) x? = Anzte'NZ I, om) 1 — p?/2 dE’ 


dk’ 1 — fp? 


Here ze denotes the charge of the incident particle; N and Z the number of atoms per 
cm? and their atomic number, respectively, of the stopping material; and 6 is the 
ratio of the velocity of the incident particle to the velocity of light. 

In Figs. 8c-7 and 8c-8 the per cent range straggling, 100(2c/R), where o = (AR)z’, 
is plotted as a function of particle energy for protons, deuterons, and alpha particles 
in copper. The straggling of protons in other elements relative to that in copper is 
estimated in Table 8c-5. - 


TABLE 8c-5. PRoToN STRAGGLING IN Bz, At, AG, AND PB RELATIVE TO COPPER 
7 Ratio of (20/R) Relative 


Element to That in Cu 
Be. hese tes Sie hartancae . 0.90 
Paclicson & fo tated ht af atientioee Deore dee ase 0.95 
Aen tteaaten oe See ea ees 1.02 
PDieelarceanaee Seeders 1.06 


8c-4. Range of Fission Fragments. The ratio of the range of a fission fragment 
to the range of an alpha particle of the same initial velocity » is approximately 


Br 7 (Ar) (2) 
Ra ~ Z 8 hv 
where A, and Z; are the mass number and atomic number, respectively, of the fission 
fragment. . | 


8c-5. Coulomb Scattering. The differential cross section for Coulomb scattering 
of a charged particle by a nucleus into the solid angle 27 sin 6 dé is 


2retz?Z? . . 
16E? sin* (6/2) sin? (6/2) sin 6 dé 
= 0.813922Z?2 sin 6 dé 
> Emev? gin 4 9/2 


d&(6) 


10-25 em? 


where 0 is the angle of scattering from the incident direction, and ze and Ze are the 
charges of the incident particle and the scattering nucleus, respectively. The above 
formula assumes that the mass of the incident particle is small compared with the 
mass of the nucleus. | 
8c-6. Energy Loss per Ion Pair. The energy loss of a charged particle per ion pair 
formed in the material traversed is nearly independent of the energy and type of 
particle. 


i 


PERCENT RANGE STRAGGLING 100 X 2c/R 


fe) 20 — 30 40 5O 60 70 80 90 100 
PARTICLE ENERGY IN MEV 


Fia. 8c-7. Range straggling of protons, deuterons, and alpha particles in copper. Particle 
energies from 10 to 100 Mev. (Millburn and Schecter, UCRL-2234 rev.) | 


PERCENT RANGE STRAGGLING 100x 20/R 


“100 200 300 400 500 600 800 1000 


PARTICLE ENERGY IN MEV 


Fia. 8c-8. Range straggling of protons, deuterons, and alpha particles in copper. Particle 
energies from 100 to 1,000 Mev. (Millburn and Schecter, UCRL-2234 rev.) 
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TaB.E 8c-6. Enerey Loss per Ion Pair w IN EV/ION Pair 


Gas Ww Ref. 
ge oases 37.0 +0.4 | 1 
TG tau eh aear se 46.0 + 0.5* _ 
Nat caeas sews 36.3 + 0.4 1 
OSS scandieewes 32.2 + 0.3 1 
NG@ks Sct ores 36.8 2 
baa er ae 26.4 +0.3 1 
Ter el eg 24.1 2 
Ce ee 21.9 2 
Alr.. 35.0 + 0.3 1 
CO sia vate med 34.3 1 
CHa.. 29.44+0.3 1 
Coles ected 27.5 2 
Ost ians Jo eas 28.0 + 0.3 1 
Cee gto %en 26.6 2 
Cai estesas 26.4 +0.3 aI 


* Extraordinary precautions were used to purify the gas. Small traces of impurity reduce w(He) to 
30 ev/ion pair, the value ordinarily. obtained. _ Older values for neon are about 29 ev/ion pair. 


References | | 

1. Bortner, T. E., and G. 8S. Hurst: Phys. Rev. 98, 1236 (1954). Pu?9 alpha particles 
were used. This reference also gives some results with mixtures of gases. 

2. Jesse, W. P., and J. Sadauskis: Phys. Rev. 90, 1120 (1953). Polonium alpha 
particles were used. | | | 


8c-7. Passage of Electrons through Matter. Electrons can lose energy by inelastic 
collisions with the electrons of the stopping material. Above a certain “critical 


00 


(%) TRANSMISSION _ 
a 
Oo 


Oo 


| ALUMINUM  mg/cm2 

Fra. 8c-9. Characteristic absorption curve of monoenergetic electrons in aluminum. Point 
-where the extension of the linear portion of the curve meets the background is called the 
practical range Rp. The maximum range Ro is the point where the absorption curve runs 
into the background. 


energy” E,, energy loss by radiation in the electric fields of nuclei becomes important. 
The critical energy is dependent on the atomic number Z of the stopping material 
according to the approximate formula 7 


, 800 Mev 
E, =—y 


More accurate values of E, are given in Table 8c-7. 
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TABLE 8c-7. CRITICAL ENERGY FE, AND RADIATION LENGTH Xo. 
FOR Various SUBSTANCES* 


- Substance . | #,, Mev | Xo, g/cm? 
Hydrogen...........; 840°. | 658 
Helium............ 220 85 
Carbon............ 103 42.5 
Nitrogen.......... : 87 38 
Oxygen............ 77 34.2 
Aluminum......... 47 23.9 
Argon............. 34.5 19.4 
ATOM eg n56is. eae Gata 24 13.8 
Copper............ 21.5 12.8 
eaes.cu esse ches 6.9 5.8 
| a a Ged af BB | 86.5 

9 


Water............. | 93 35. 


* The data in this table have been taken from E. Segré, ed., ‘“ Pxperimental Nuclear Physics,’ p. 266, 
John Wiley & Sons, Inc., New York, 1953. | 

An important length is associated with the traversal of matter by electrons above 
E.; this is the distance in which an electron’s energy is reduced to 1/e of its original 
value and is called the ‘‘radiation length’ Xo. Values of this quantity are also given 
in Table 8c-7. . 7 a a 
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Fig. 8c-10. Rangecierey curve for monoenergetic electrons in aluminum. Practical range 
is used. [L. Katz and A. S. Penfold, Revs. Modern Phys. 24, 28 (1952).] 


The range-energy relation for electrons is not strongly dependent on the atomic 
number of the stopping material. Only that for aluminum is given. Monoenergetic 
electrons are absorbed as indicated in Fig. 8c-9, which serves to define the ‘practical 
range” Ry and the “maximum range” Ro. The practical range, in aluminum, is 
given by — ei | . Pa. sere 7 
Rp = 412E.* mg/em? —n = 1.265 — 0.0954 In Ep 
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for 0.01 < Ey < 2.5 Mev, and by 
Rp = 530Ey — 106 mg/cm? 


for 2.6 Mev < Eo < 20 Mev. _A graph of these relations is given in Fig. 8c-10. 

The formulas given above for monoenergetic electrons may be used for continuous 
beta-ray spectra where R, and Ep refer to the maximum beta-ray range and energy, 
respectively.! 


8d. Decay-energy Systematics of the Heavy Elements? 


I. PERLMAN AND FRANK ASARO | 


University of California 


8d-1. Summary of Decay Energies. Figures 8d-1 to 8d-4 summarize total decay 
energies for the four radioactive series. The alpha decay energy obtained by measur- 
ing the energy of the alpha particle leading to the ground state includes the energy of 
the recoil nucleus. The legends indicate the meaning of superscripts and parentheses 
attached to some of the energy values. 

The curve shown in Fig. 8d-5 defines in broad outline the conditions and regions of 
alpha instability. A great deal more is to be learned from a more detailed examina- 
tion of the region where alpha radioactivity is prominent. 

Of great value to the experimentalist is that he is able to predict alpha energies, 
and the agreement between predicted and measured values often serves as a criterion 
for isotopic assignment. A number of systems for correlating alpha decay energies 
have been employed, and that perhaps most widely used is illustrated in Fig. 8d-6. 
Here the isotopes of each element on a mass number vs. energy plot are joined, resulting 
in a family of curves which over a wide region comprise a series of nearly parallel lines. 
It will be noted that in this region (above mass number. about 212) alpha energies 
decrease with increasing mass number for each element, i.e., with increasing neutron 
number. The dramatic inversion in the alpha-energy trend around mass number 212 
is a consequence of the major closed shells in this region at 126 neutrons and 82 protons. 

8d-2. Complex Alpha Spectra. Table 8d-2 is a compilation of all alpha-particle 
energies and abundances in the heavy-element region. 

As in other decay processes, the appearance of multiple groups in the alpha-emission 
process may be considered as the result of competition in populating available energy 
levels. Alpha-decay lifetimes are influenced by a number of factors; among these is 


1 For a discussion of the methods of determining the range from an absorption: curve, 
see L. Katz and A. S. Penfold, Revs. Modern Phys. 24, 28 (1952). 

2 The data used in this compilation were originally drawn from many primary sources. 
Figures 8d-1 to 8d-4 are from R. A. Glass, S. G. Thompson, and G. T. Seaborg, Nuclear 
Thermodynamics of the Heaviest Elements, J. Inorganic and Nuclear Chem. 1, 3 (1955). 
Figures 8d-5 to 8d-11 and Table 8d-2 are from Perlman and Asaro, Alpha Radioactivity, 
Ann. Rev. Nuclear Sct. IV (1954). 
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TABLE 8d-1. CLASSICAL AND MopERN DESIGNATIONS OF THE 


Heavy RaADIONUCLIDES* 
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Uranium I.............. potest oe 
Uranium Xj.......... 0.0000. 
Uranium Z, uranium Xe............ 
Uranium II....................... 


Radium 
Radium 


eee ee © © © © © © © ee we ew ew © 8 ee © Hw ew 


F (polonium)....... epee Boke 
Gites Cane et te See 


OP UA 69 t.ais, Sal oh Breese ee SA 
Mesothorium:..................25. 
Mesothoriume................2.06. 
Radiothorium..................... 
EL WOTUUIY AX ed eis eal seks ok ees 


e © © © © © © 8 ee Be ee eB 


Thorium A..............220 000008. 
THOPUM: Be oss oo os ok ASG 
Thoriuni 22. 65.0:45.44ichanchiaddcade eat 
TNOrUm. Co 65h se os ses CaaS ee 
Thornim CO" 0.6.45) Sides de hs 
THOTMUM (Dy 2456 oe bo eee Ree R a eee 
Actinouranium.................... 
Uranium Y....................005. 
Protoactinium..................... 
A CUIMIG Me 6.23 os fed pate ead Seen es 
Radioactinium............. Osis stig dnd 
Actinium K....................0-. 
ACtmiam. Xo i463 26 De ae es 


Actinon 


Actinium A....... 2... eee 
Actinium B................000005- 
Actinium: C soxs be cose hee 8S 
Actinium C’.... 0... 0c ee eee 
Actinium CC”... 00... 0. eee 
Actinium D...................005. 


Classical designation 


Ul 
U Xi 


UZ, U Xe 


UII 
Io 


U238 
Th234 
Pa234 
U234 
Th220 
Ra226 
Em2?22 
Po2!8 
Pb2!4 
Bi214 
Po214 
Tl? 10 
Pb220 
Biz10 
Po210 
Pb210 
Th 232 
Ra228 
Ac228 


Th228 


Ra?24 
Em220 
Po216 
Pb22 
Bi222 
Po 212 
rT]208 
Pb208 
[235 
Th231 
Pa23! 
Ac?227 
Th 227 
Fa223 
Ra223 
Em? 19 
Po? 15 


. Pb2!! 
Bi2!! | 


Po2!! 


e T]207 


Pb297. 


Modern designation 


* By F. 


N. D. Kurie. 
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the sharp dependence of lifetime on decay energy. There are, however, selection 
processes operating which can delay the highest-energy group and cause lower-energy 
groups to be the most prominent. As yet there is no systematic formulation of 
‘selection rules”’ for the alpha-decay process. 


ALPHA DISINTEGRATION ENERGY 


132 148 164 180 196 


MASS NUMBER 
Fic. 8d-5. Alpha decay-energy profile. Broken-line portion of curve indicates region where 
direct line alpha-decay measurements are absent. Plotted points on segments of crossing 
curves pertain to known alpha emitters of gadolinium and uranium. Half-life guidelines 
indicate positions of applicable lifetimes as a function of mass number. 


212 228 244 


ALPHA DECAY ENERGY (MEV) 


228 | 
MASS NUMBE 


Fia. 8d-6. Alpha decay energy vs. mass number. 


Even-even Alpha Emitters. The decay schemes for two typical even-even alpha 
emitters are shown in Fig. 8d-7. The similarities and differences will be explained 
below. 

PRINCIPAL ALPHA GROUPS (THE GROUND STATE AND FIRST EXCITED sTATE): With a 
high degree of certainty it can be said that the transition to the ground state is the 
most abundant for this nuclear type. First excited states reached by these alpha 
groups all have spin 2 and even parity (see Fig. 8d-7) and we shall call each the first 
even-spin state or simply the first even state. The alpha population to this state is 
close to theoretical expectations. 
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A summary of the energy spacings between the ground state and first even state as 
a function of neutron number and proton number is shown in Fig. 8d-8. The points 
divide into families according to atomic number and appear to reach maxima for 
nuclei with 126 neutrons. 

RARE ALPHA GROUPS (HIGHER EVEN STATES AND FIRST ODD STATE): Many of the 
alpha emitters which have lent themselves to detailed analysis have proved to have 
one or more additional groups of lower energy and in low intensity. 

In each case which could be examined in the necessary detail, there was found a 
rare alpha group going to a state which decays by an E2 transition only to the 2+ 
state. These states are those designated as 4+ in Fig. 8d-7 and will be known as the 
second even states. From the nature of the gamma-ray transition, the second state 
could be 0+, 2+, or 4+; the 4+ assignment is made largely from agreement with 
energy-level spacings predicted by the Bohr-Mottelson theory of rotational states. 

In a few cases, very rare gamma rays have been seen (the alpha groups would be 
below the limits for detection) and are assigned to transitions between the third and 


Thee 


238 
Fig. 8d-7. Decay schemes of Th228 and Cm?42. 


second even states. In the case of Pu23 decay, the gamma ray was shown to be in 
coincidence with that between the 4+ and 2+ states. Since the energy of the state 
defined by the gamma ray corresponds closely with expectations if it were the third 
even state (6+) of the Bohr-Mottelson rotational band, it has been so designated (see 
Cm?” spectrum, Fig. 8d-7). 

In a number of cases, a state believed to be 1— has entered among the low-lying 
even states. The spectrum for Th228 which is typical of this type is shown in Fig. 
8d-7. In contrast to the second even state, this state always decays both to the 
first even state and to the ground state. The conversion coefficients of both conform 
with El transitions as do a-y angular correlations made on Th?26, Th??8, Th?3° and 
U*, The 1— state has probably been identified in the decay of Ra???, Ra??4, Ra226 
U82, and Cm24? as well as for the four cases just mentioned. From the fragmentary 
evidence at hand it seems possible that the state has a minimum energy at 136 
neutrons and rises at both lower and higher neutron numbers. 

With respect to the degree of population of the 1 — state in the alpha-decay process, 
the data are too few to arrive at any generalizations. In the cases studied, the process 
seems to be competitive with that leading to the 4+ state for comparable energies. 

Odd-nucleon Alpha Emitters. The alpha spectra of nuclei having odd nucleons are 
in general considerably more complex than those of even-even nuclei and conse- 
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TABLE 8d-2. ALPHA-PARTICLE ENERGIES AND ABUNDANCES 


Alpha-particle Relative | Type of 
energy, Mev | abundances, % | measurement 
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TaBie 8d-2. ALPHA-PARTICLE ENERGIES AND ABUNDANCES (Continued) 


; Alpha-particle Relative Type of 
Alpha Cron energy, Mev | abundances, % | measurement 
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Alpha emitter 
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TaBLE 8d-2. ALPHA-PARTICLE ENERGIES AND ABUNDANCES (Continued) 
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TaBLE 8d-2. ALPHA-PARTICLE ENERGIES AND’ ABUNDANCES (Continued) 


Relative Type of 
abundances, % | measurement 
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4.58 10 ion ch 
MeO tick eet Rata oy heated yeh aa (4.45) 27 y energy 
4.499 73 ion ch 
| Cen es ene on ee eee (4.135) 23 y energy 
4.182 77 7 ion ch 
Np?3! 6.28 Fw... ion ch 
IN Pe oan A hoo cased cram en cae nd 6.58 | lilo... ion ch 
Np?235 §.06 [| ow... ion ch 
Np237 4.77 JFooowlw.., ion ch 
| de a 6.58 |F  ....... ion ch 
i aL re (6.14) 14 y energy 
6.19 &6 ion ch 
PAL artes, ce tarot ey tenth e, ous lun Sadaes §.85 Fo ow... ion ch 
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TABLE 8d-2. ALPHA-PARTICLE ENERGIES AND ABUNDANCES (Continued) 


Alpha-particle Relative Type of 


Al 
pha emitter energy, Mev | abundances, % | measurement 


71) 20 y energy 


Pree oiled 4 ie 2 bode Attra eediiety (5 
5.75 80 ion ch 
| eg} ne ee ee ne ener Sree 5.352 0.1 spect 
| 5.452 28 spect 
5.495 72 spect 
Piet tk yar aunt dase oh ae Pee 5.099 11 spect 
5.137 20 spect 
5.150 69 spect 
PU es ks divacied: ire at tinea ae hae 2S 5.014 0.1 spect 
5.118 24 spect 
5.162 76 spect 
Pe 2s diate Ones awl ees 4.848 25 spect 
4,893 75 spect 
PU, i sh as os Oke eee RSE ORS 4.854 20 spect 
4.898 80 spect 
BN Og ios yt yk ee he el CAS GOK oh wader ion ch 
PRIN 88 i sr 04h hehe. ees race ais See Se Beto, I eeglaceeg ion ch 
BG nit ne enue awe Reet 5.379 1.4 | spect 
5.433 13.6 spect 
5.476 84 spect 
5.503 0.2 spect 
5.535 0.3 spect 
NTN 995 core 2G ake ee ate eee aes 5.171 ~3 spect 
5.225 13 spect 
5.267 84 spect 
Cm 8.2 tea ad ee tee ae es 6.00" “ weeeets ion ch 
Cri" 6. cette Chea eee he 62p th .Geeretes ion ch 
Oni). 2 uted s ada Ces aee ome BeOS «| ae bade ion ch 
CU a 5.8 bi Ree eS ee eee 5.697 0.035 spect 
6.066 26.3 spect 
6.110 73.7 spect 
CW ore oe oa eee eee ends 5.634 3 : spect 
5.732 13 spect 
5.777 78 spect 
5.985 6 spect 
Crt tn suet bee piek ewe eere es 5.755 25 spect 
5.798 75 spect 
Cis uke ce eet ooo see oe | a Se re ion ch 
Ae og rece Gea a tie eee ees 6.20 17 ion ch 
6.55 53 ion ch 
6.72 30 ion ch 
Bee ota retaeoe cans eee ee 5.90 34 ion ch 
6.15 48 | ion ch 
6.33 18 ion ch 
By oes oorha 8 it eee pean eves en eer ree ion ch 
CE ot Be nd igh si te tay Rete eee T4595 j|. aeons ion ch 


DECAY-ENERGY SYSTEMATICS OF THE HEAVY ELEMENTS 8-53 


TABLE 8d-2. ALPHA-PARTICLE ENERGIES AND ABUNDANCES (Continued) 


Alph “tt Alpha-particle Relative Type of 
ee energy, Mev | abundances, % | measurement 
Ee goed sos, doh tas aah Marius, dua ede) ato 6.711 © 22 spect 
6.753 78 spect 
Cie oe Bat eeu ne eee 6.26 sessed ion ch 
CP soccer oe BEE oe cae 5.82 90 ion ch 
6.00 10 ion ch 
inky av Sete ed Wok dee ee Roe Oh aah 6.04 | o....... ion ch 
Cs ee te oi i ge neces OelS- | ata sean ion ch 
FE oa Sb Boren gle Boece Seach ee gees a i: a er se ion ch 
FG Ga Th ethene de ee Mah in dengs 4 O:62- if wewantas ion ch 
oo och dint, ener en Ne it oie 320% “Set ee eg ion ch 
QO 208s oy Secon gee Se Ome hea te ele he ee ees ion ch 


ion ch = ion chamber. 
spect = spectrometer. 
a-y coinc = a-y coincidence. 
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© ALPHA ENERGY DATA 
* GAMMA DATA 


ENERGY (MEV) 


128 = - . 136 s 144 
NEUTRON NUMBER 
Fig. 8d-8. First excited-state energies of even-even nuclei in the heavy-element region. 
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quently have not been worked out with the same degree of certainty. Some typical 
decay schemes are shown in Fig. 8d-9. It will be noted that in each of the cases 
except that of U?5* the most abundant alpha group does not lead to the ground state 
in sharp contrast with spectra of even-even nuclei. It is seen, however, that there is 
an alpha group in high abundance for each which lies at the bottom of a series of 
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wf be, ~3 
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46+277. 
0+277 
5] 
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Fia. 8d-9. Decay schemes of some odd-nucleon alpha emitters. 


6% 


LOG HALF-LIFE (YEARS) 


4.0 5.0 6.0 7.0 
EFFECTIVE TOTAL DECAY ENERGY (MEV) 
Fig. 8d-10. Experimental values of log half life vs. effective alpha energy. (‘‘ Effective 


alpha energy’’ includes correction of particle energy for recoil and electron screening.) 


8.0 9.0 


states which looks much like a rotational band of the even-even type. These are 
designated in Fig. 8d-9 by the terms ‘‘zero plus the energy above the ground states” 
(in Am*!, for example, by “zero plus 60”). Other alpha spectra (such as that for 
Th227) are much more complex than those shown in Fig. 8d-9. 


8d-3. Alpha-decay Lifetimes and Theory. It is possible to correlate alpha-decay 
lifetimes empirically and to arrive at systems which can be used to predict half lives. 
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Even-even Alpha Emitters—Ground-state Transitions. Figure 8d-10 shows a plot 
of the half life vs. energy relationship as a family of curves. The curves are defined 
by the experimental half lives and are in this respect empirical. If, however, we were 
to calculate half lives by using the measured alpha energy for each point and assuming 
a function for the nuclear radius, 1.52 X 10718 A!, the resulting curves would lie 
close to those of Fig. 8d-10. 

In summary it can be said that the basic one-body theory of alpha decay applied 
to the ground-state transitions of even-even alpha emitters gives a remarkably con- 
sistent picture. When reasonable and consistent assumptions for the values of the 
nuclear radii are used, the theory explains observed half lives which differ by a factor 


1000 


_ @ALPHA PARTICLE SPECTROGRAPH DATA 
x GAMMA RAY DATA 


DEPARTURE FACTOR 


fe) 


86 88 | 90 92 94 ' 96 98 100 

ATOMIC NUMBER OF PARENT 
Fig. 8d-11. Departure factors for alpha groups to the second even-spin state of even-even 
nuclides. 


of 1024. It should be pointed out that different formulations of the theory will give 
somewhat different ‘‘best values” for the radius parameter, but each is internally 
consistent. It will be noted that some points (e.g., Po?!°, Po?8, Em?!°, Kim?!2) lie 
off their respective curves. These are the alpha emitters with 126 neutrons or fewer 
which have abnormally long lifetimes. 

Even-even Alpha Emitters—Transitions to Excited States. For any particular case, 
one can calculate the partial half life to any excited state under the assumption that 
the only factor influencing the relative decay rates is the energy function. It is 
found that the populations of the 2+ states are not far from the calculated values. 
There are small but significant departures which do demand epietavon by an exten- 
sion of alpha-decay theory. 

The examination of transitions to-the 4+ states gives a totally different and unique 
picture. These 4+ states are populated much more sparsely than would be expected 
on the basis of alpha energy alone. The ratio of measured half life to calculated half 
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life varies considerably and in a more or less regular way with atomic number, as 
shown in Fig. 8d-11. It is seen that for Cm?* the second even state is hindered in its 
population by a factor of 400, while for thorium isotopes this factor is of the order of 
10. An explanation for the depressed population of these states and the trend 
observed has been developed in terms of the interaction of the emitted alpha-particle 
wave with the nuclear quadrupole moment. | 

Other low-lying states in even-even nuclei have been identified but detailed infor- 
mation is lacking. There is the third even state (6+?) which is a member of the well- 
defined rotational band. Also, in a limited region there appear 1 — states which are 
populated roughly to the same extent as the 4+ states in the same region. It is not 
clear what type of nuclear configuration would give rise to such states. 

Odd-nucleon Alpha Emitters. The most obvious question about this category of 
alpha emitters is why the ground-state transition is often highly hindered and why 
the hindrance is so irregular. A satisfactory answer has not been obtained, although 
promising leads have been uncovered. For the four species shown in Fig. 8d-9 
the departure factors for the apparent ground-state transitions are U?#* = 1.4, 
Am?*4! = 1,000, Am243 = 700, Cm**3 > 26. 

These demonstrate the wide range of departure factors for ground-state transitions. 
It should be noted, however, that the alpha groups to the lowest rotational state of a 
given band in each case have departure factors of about unity. 

A point to be disposed of is the effect of spin change. As already pointed out in a 
number of instances, both theoretical and experimental appraisal indicate that the 
lifetime is relatively insensitive to spin change, per se, certainly within the framework 
of reasonable spin changes. Conversely, we know that the ground states of Am?*! and 
Np??? both have spin = yet the transition between these states is hindered 1,000-fold. 


8e. Energy Levels of the Light Nuclei 
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In the following table are exhibited the excitation energies and principal properties 
of the known energy levels of the light nuclei from mass number 5 to 20, inclusive. 
The following information is tabulated in the columns indicated. 

Column 1. Excitation energy E, of the level, in Mev above the ground state. 
Parentheses enclosing this number indicate that the existence of the level is not clearly 
established. n 
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Column 2. Total angular momentum J (in units of h/2r), parity I, and isotopic 
(or “‘isobaric’’) spin T. Parentheses indicate that the quantity enclosed is uncertain. 
Where the experimental results serve only to limit the choice of J to one of several 
values, all possibilities are indicated. 

Column 3. Width 1 or lifetime 7 of the state, the former representing the full 
width, in center-of-mass coordinates, at half-maximum intensity, the latter either 
the half life 74 or the mean life 7,,, as specified. 

Column 4. Observed mode of decay, including y radiation to a lower state of the 
same nucleus, or particle emission. When the level in question has been identified 
as an intermediate state in a nuclear reaction, it is assumed that the bombarding 
particle must also occur as a product, and it is so listed whether observed or not. 
Modes of decay whose occurrence is not clearly established are indicated in parentheses. 

Supplementing the tables are diagrams in which the known levels for each isobaric 
set are plotted to scale. In these diagrams the level positions are indicated by hori- 
zontal lines, located at distances above the ground state proportional to the excitation 
energies. Where space permits, the excitation energies, in Mev, and the values of 
J, i, and T (where known) are indicated. Uncertain values are again enclosed in 
parentheses, and levels whose existence is uncertain are represented by dashed lines. 
Levels which are known to be particularly broad are crosshatched. Crosshatching 
along the right-hand edge of the diagram indicates energy regions which have been 
incompletely explored. Binding energies of various particles are shown at the side 
of the diagrams, 

The level diagrams are grouped in isobaric sets to exhibit the correspondence of 
levels comprising isotopic spin multiplets. The relative positions of the ground 
states in each set have been adjusted to the extent that the first-order electrostatic- 
energy differences and the intrinsic (neutron — hydrogen atom) mass differences 
have been removed, the former calculated from the uniform model according to the 
expression 
Z(Z — 1) 


Al Mev 


EK, = 0.60 


Levels for which the correspondence seems well established are connected by dashed 
lines. 

The atomic masses used in computing binding energies and ground-state energy 
differences are given in the table in the form of the “mass excess’? M — A in Mev. 
The following values were assumed for the lighter particles: 


nm'= 8.3638 + 0.0029 Mev 
H! = 7.5815 + 0.0027 Mev 
H? = 13.7203 + 0.006 Mev 

H3 = 15.8271 + 0.010 Mev 
He? = 15.8086 + 0.010 Mev 
He4 3.6066 + 0.014 Mev 


References to original work have been omitted in the present compilation; such 
references may be found in F. Azenberg and T. Lauritsen, Energy Levels of Light 
Nuclei, V, Revs. Modern Phys. 27, 77 (1955). Similar information on heavier nuclides 
is available in P. M. Endt and J. C. Kluyver, Energy Levels of Light Nuclei (Z = 11 
to Z = 20), Revs. Modern Phys. 26, 95 (1954). An extensive theoretical discussion is 
given in D. R. Inglis, Energy Levels and Structure of Light Nuclei, Revs. Modern 
Phys. 25, 390 (1953). 
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: TaBLE 8e-1. ENERGY LEVELS oF THE LicuTt NUCLEI 
a a re ee 
#K; J, FT - Width or lifetime Decay 


He5: mass excess = 12.92 + 0.08 Mev 


0 g-. 4 Tr = 680 + 200 kev n 
(2.6) aus. (C ~ 5 Mev) n 
16.69 gtd r = 100 kev d, n 


Fig. 8e-1 


Lid: mass excess = 12.99 + 0.15 Mev 


0 a r= 15 + 0.5 Mev p 
(2.5) z 5% (Cc ~ 5 Mev) p 
16.80 ot. S T = 330 kev d, p, Y 

He*: mass excess = 19.40 + 0.036 Mev 

0 (Ot); 1 74 = 0.799 + 0.034 sec a7 
1.71 (2+); 1 sides ea ee Geeeaeieeses (y) 
3.35 1 
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TABLE 8e-1. ENERGY LEVELS oF THE LicHt NucueEt (Continued) 


E;z ye 1 ae bi Width or lifetime’ Decay 


Lif: mass excess = 15.850 + 0.021 Mev 


0 Eee ie toutes 2 Stable 
2.19 3°: 0 T = 22 kev d 
3.57 OPT) (nee eee SG os ¥ 
4.52 2+; 0 Tr ~ 600 ke d 
5.31 (1) r S100 kev 
~d.4 10 Tl~1 Mev | . d 
6.63 (1) TS 100 kev 
7.40 (0) r~1 Mev 
8.37 (1) r < 100 kev 
G WY | Y 
8.37 s(T=iy | Y 
| y. 
3.35 | / 
L88 1.71 (27) | 
Wy 
0.93 | Y 
a | y 
J=(O+) P | 
He oe (Ot T=1) JS Y 
Be 
B 
IMEV a+2p 


Fig. 8e-2 


. ‘ 


Be*: mass excess = 20.8 + 1 Mev 


Not reported: ground state presumably J = 0+; 7 = 1; unstable to decay into 
Het + 2p 


He’: mass excess = 31.5 + 2 Mev 


Not reported: if assumed mass excess is correct, the ground state (7 = 2) is unstable 
to decay into He® + n and He‘ + 3n 
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TaBLE 8e-1. ENERGY LEVELS oF THE LiagHTt NucLeE1 (Continued) 


E, J, 1; 7 Width or lifetime Decay . 
Li?: mass excess = 16.969 + 0.024 Mev 
0 See || une kant seo wkeeae eden Stable 
0.477 x 5% | tm = 0.75 + 0.25 X 10713 sec Y 
4.61 z ee ae ae eee ee ere eee t, (y) 
(5.5) D+) lt Sea wute oe ealest deen wes sone (y, 2) 
6.6 (st, $*); x | Broad (y, ¢) 
7.46 3-;% | T = 150 kev n, t 
9.6 on eee er ree ee y, n, (t) 
10.8 x Bed aha Saha eh Mask ci MeN ris a digesta ie ta hand yn 
12.4 tl acetates ten te beats ae 7,7 
TACO ol, Beele fees. Tl Atsac S2 bathed athe es Ad btooctl vn 
Te “lh Keach etalon, Milli cae or ana. weds a eet eek enemas 2 yn 
|  g y Z 
| y) I75 Z; 
| y 
G 
e’ Z 
: ied 
= Yy 3 
288 YY p 
8.88 
> SS) — ES 
5.600 
p 
_t_ 2465 
{MEV 
a He 1.583 
0.477 Ve lyo~ | He3,a 
a ey 0.430 2 
: rae é pm? #5 
Li Be ~ ° 
Fia. 8e-3 
Be7: mass excess = 17.832 + 0.024 Mev 
0 <3-;5 74 = 53.4 + 0.3 days Orbital electron capture 
0.430 553 (ry = 1.4 X 1073 sec) Y 
4.65 e 
6.35 ($t,29;¢ Tr ~ 1 Mev p, He’, y 
7.16 (<3); $ Tr = 430 kev p, He’, y 
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TasBLe 8e-1. ENercy Levevs or tue Ligut NucueE1 (Continued) 


E, J, 11; T Width or lifetime Decay 


SN 


Li’: mass excess = 23.296 + 0.028 Mev 


ae en 


(2+); 1 4 = 0.844 + 0.005 sec p- 


0 

0.97 (S377) } eesecs were. 2 has avaar ied (y) 
2.28 3t; Tl = 37 kev n 
3.3 (1+); 1 Tr ~ 1 Mev n 


a 


Be®: mass excess = 7.309 + 0.027 Mev 


0 0+; 0 ™m <4 X 1074 gece a 
2.90 27; 0 r= 1.2 + 0.3 Mev a 
(4.2) 71 | | ce rr ar a rc nD (a) 
(5.4) QAO" be tae s. i exten wee , (a) 
7.55 (0*); 0 r= 1.2 + 0.4 Mev a 
10.8 (4+): 0 r= 1.2 + 0.4 Mev a 
14.7 OF We baa ey ote ee (a) 
16.06 |;  ...... T = 470 kev (a) 
16.72 (2+; 1) T = 150 kev (a) 
17.63 1+; (1) T = 10.7 + 0.5 kev Dp, 
(17.8) | ooo... T = 80 kev (a) 
18.14 (1+) r = 150 kev P, Y 
(TSeO)e a). wkacedtdee, 1s a attic ta can, hs p,n 
Bogota 2 Sau oie cote Pp, Y 
19.2 (37; 1) I ~ 180 kev p,n 
19.9 (2+) I~ 1 Mev p, a 
Algo 3 eae ts Ir ~ 350 kev p,n 
22.5 | ....., Tr ~ 450 kev , d,n, a, p 
7 a | (ore ar eee d,n 
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t:5.45 | 22 .26I:d 
4.502 214312! Scar AZls! 
a t 


HeS 
2037/2268 3° — —— 19.219 oS 1g g87 
aes ~~ WACK ZCARUE, 4 
D ; 


Li? Co 16, 0S sven ap 


B® 


sabi 


Fia. Se-4 


TABLE 8e-1. Eneray LEvEuts or THE Licnut Nucuer (Continued) 


B8: mass excess = 25.1 + 0.3 Mev 


No excited states are reported. The ground state (7 = 1) decays by positron emis- 
sion (73; = 0.46 + 0.03 sec) mainly to the 2.90-Mev state of Be®. From analogy 
with Li’, probably J = 2+ 

npn 


Li®: mass excess = 28.1 + 1 Mev 
oe a cree a ce ee nr as nel ee SB Se ee ee 
No excited states are reported. The ground state (7 = 1) decays by electron emis- 
sion (7; = 0.169 + 0.003 sec) to neutron-unstable states of Be?® 


er 
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TABLE 8e-1, ENercy LEVELS OF THE Ligot Nucuer (Continued) 
E, J,u; T Width or lifetime : Decay 


Be®: mass excess = 14.007 + 0.028 Mev 


0 Z-; ae Ae Tee eee Stable 
(1.8) z 

2.43 (>37);24 r<3kev n 
(3.1) z (T < 100 kev) | 

4.8 x r= 1.0 + 0.5 Mev (n) 

6.8 s Pie ech ha aided Oe, f (n, a) 

7.9 s ee ee ee ee (n, a) 
11.3 ae ne CC ereeee nna (n, a) 
| ar re Ir = 200 kev d,n, p 
17.47 | o.oo... TP = 47 kev | d,n, p 
(18.3) 1) ees cece (T = 300 kev) (d, n) 
(19.9) 
(21.7) 


d | ‘He 


IMEV 


f 12:23:54 


Fig. 8e-5 
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TaBLE 8e-1. ENERGY LEVELS oF THE LiguTt Nuc ier (Continued) 


RD 
E, J, 1; 7 Width or lifetime 7 Decay 
cio eS SS SS See 
B®: mass excess = 15.076 + 0.029 Mev 


Bee ee bah i a eS Sa 


0 (PE) r <2 kev (p) 
(1.4) s r ~1 Mev | 
2.37 (>S 53 r < 100 kev 


Srtede Sct ee a, So Ne ee eee 


C®: mass excess = 32.2 + 2 Mev 
aera een ren rnc nnn 
Not reported: if assumed mass defect is correct, the ground state (T' = 3) is stable to 
nucleon decay 


I I 


Bel: mass excess = 15.560 + 0.026 Mev 


A A 


0 (OT); 1 7 = 2.7 + 0.4 X 10° years B- 
3.37 24. 4 be dean kcenentae ithe tks ¥ 
5.96 1 a pies ener eae eae (y) 
6.18 tO, earth Soe thaw ee Bae (y) 
6.26 1 ies. a jiyesae Ae a eee (y) 
7.37 ory T = 23 kev n 
7.54 (2); 1 T = 7 kev n 
9.27 1 r ~ 100 kev n, (a) 
(9.4) 1 Broad (n, a) 
17.82 (Daye a) aaah Clshath te aa ease a necnles i, n 
18°43) wsteude. 4 sven ciniioragawer ete ee es t, n 


Bo: mass excess = 15.004 + 0.026 Mev 


ee es ee ee ee a aaa Genre aa aa 


0 Sr0: ‘ll zeiadeoeenn es ee Stable 
Q.72 1*; 0 ™m = 7 +2 X 107? sec v 
1.74 Orol Dt aviiwenteeertiewnes deface, 29 ¥ 


2.15 17;  ) ne ee ocr area era mee res Y 
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18.43- 
17236] 
t 18.655 
17.773 t 
He° 15.00 
He° 
Z 0.8 | 
6.8il ~~~ 18.8 2" Ts! 
; 8.436 
5.96 ss Se ~T=1) a 
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TABLE 8e-1. Energy LEVELS or THe Ligur NuciEl (Continued) 


Ez J, It; T 
3.58 (2+); 0 
4.77 (1+; 0) 
5.11 (2—; 0) 
5.16 (2+; 1) 
5.68 [|  ....., 
5.93 | ....., 
6.06 |;  ....., 
6.16 | ....., 
6.40 | ...... 
6.58 | ....., 
(6.77) | oo... 
6.89 (1-; 0) 
(7.01) | ooo... 
(7.19) | 1... 
7.48 (2-; 1) 
7.56 (0+) 
8.89 Page | 
10.838 |;  ...... 


Width or lifetime Decay 
ee eee ee Ee Y 
Tr < 10 kev a, ¥ 
r < 10 kev (a) 
Tr < 10 kev a,y 
Tr < 100 kev 
r < 10 kev (y) 
r < 10 kev 
Yr < 20 kev 
r < 100 kev 
lr ~ 30 kev 
(" < 100 kev) 
T = 125 kev Pp, d, a, y 
ee ee re ee (p, d) 
OEE Slee 3 et lature (p, vy, a, a) 
lr = 79 + 3 kev p, d, a, y 
Ir = 3.6 kev Dp, 
Tr = 36 + 2 kev Dp, N, a, 
r Pp, n, (y) 


~ 0.5 Mev 
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TaBLE 8e-1. ENERGY LEVELS OF THE Light Nucuer (Continued) 


eee art Ce AS 


E, Fi 0 Cee Width or lifetime Decay 


a 


C10: mass excess = 18.64 + 0.06 Mev 
(04); 1 ry = 19.1 + 0.8 sec pt 
1 


1 Broad or unresolved 
a 
Be!!: mass excess = 23.4 + 2 Mev 
ee i ce ene ep ee a ee se 
Not reported: if assumed mass excess is correct, the ground state (T = 2) is stable to 

Nucleon emission 


a ere 


B11: mass excess = 11.909 + 0.022 Mev 


0 Soo ill “ae etainiated ac aed | Stable 
2.14 Te pe Y 
4.46 Cp an a 7 
5.03 s tithe Be ule Ree Sms tite dete ¥ 
6.76 a re er Y 
6.81 $734 ie Ritan tachi fare enahaie dm Boe y 
7.30 SN 2 geStutetahceakdeee ads Y 
7.99 5 eT y 
8.57 ce ee Y 
8.92 (3,3);4 r <ikev ¥ 
9.19 (37): r ~ 2.5 kev + 
9.28 (3+); 5 r = 4.5 kev y 
9.86 (<3); 45 r = 125 + 10 kev a 
10.23 (<o)53 Tr ~ 155 kev ox 
s Tr = 54 + 17 kev 
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E, J, 1; T Width or lifetime Decay 
10.61 4; degaseacweneat sad a 
11.8 En er Re ee eee (n) 
13.2 | ......., (T = 360 kev) N, ae 
144.0 |] ....... Broad n 

(16.6) | ......, (Broad) '  (d, p) 
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TABLE 8e-1. ENERGY LEVELS oF THE Liagut NucueEr (Continued) 


i 


E, J,1; 7 Width or lifetime Decay 
sed ca a cw NE a ee 


C11: mass excess = 13.889 + 0.022 Mev 


a ner nn ene UNRIERENIE 


0 = 7, = 20.52 + 0.06 min pt 

1.90 Sie  - sd de Aesttehy meat meee: | ~ (y) 

4.23 SD eee ree eee (y) 

4.77 : ee re re ere ee ee (y) 

6.46 Ce en ee nee ae at ere ene y 

6.87 | x Laacwet adaware ks OY 

7.39 = a cpbeetie Gah tira we aae arate (y) 

8.12 7 5 

8.44 oar a)5 z 

8.68 | Gt ahi 

(8.97) x 

(9.13) 3 

9.70 = Broad | Dp, a, Y 
10.06 5 rT = 230 kev | Dp, a, Y 
(10.9) er er ere ere (p, v) 
1228 |. kbs r ~ 500 kev | DP, ¥ 

pe ne le a 
B!2: mass excess = 16.912 + 0.020 Mev 
se ag Sa Se i ch i a a ee 

0 (1*); 1 73 = 0.023 + 0.002 sec B~ 
0.95 CSB Ll 6 keane de a eas ¥ 
1.67 GSO. i. 6 ghana eebersiederas at ¥ 
2.62 Ti ate hee he bee (y) 
2.72 Te) Attias Stes Soater dee cone (y) 
3.38 (<3 °)3 1 . 

3.76 21 T = 37 kev nN 
4.53 3°51 Y = 120 kev n 
4.99 131 Tr = 60 kev n 
5.61 2;1 r = 110 kev n 
5.73 3; 1 T = 55 kev n 


C2: mass excess = 3.542 + 0.015 Mev 


Se SS oe ee ee ee 


0 OFF0: "b girbovaodinbeemes Stable 
4.43 2+; 0 ™ <3 X 107 sec y 

7.65 (OF); 0 Tr < 25 kev y, (1, a) 
9.61 rT > 10 kev (a) 
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 ‘Tapie 8e-1. Enercy Levers or THE Licut Nuc ier (Continued) 


E, J, 1; T Width or lifetime . Decay 
10.8 Oo if  -2Gsteceeadawd ees (a) 
11.1 OO: 4 ductirerRdens oe eh 8 (a) 
11.74 O jo (Mupesaagiiiniete ts (a) 
12.76 0 

(13.21) 0 

(13.36) 0 

(14.16) | 0 

15.09 Gy. Ms ates ete e es ane (y) 
(15.52) 

16.10 Parag | Tr = 6.0 + 1 kev DP, a ¥ 
16.57 | (2-= 1) - T = 300 kev Dp, a, ¥ 
17.22 (1-, 2+) Tr = 1.20 Mev PD, & ¥ 
(17.8) (O*) T = 140 kev p, a 
18.39 (2*) rT = 44 kev Pp, a, ¥ 
T8286 <! *s2vhenc “Wo +esewnee pactasceds p, N, ¥ 
19295: | oeeeeaae “) 8 eecvadeereans p,n, ¥ 
(19.7) | cee ee | ne ee eee eee (p, n) 
OC) ne cc (p) 
90,95.) aecosaey. | S88 eerineiia gece p,n 
20.49 foo... eee, ft eee p, 
90.7 © dodtiscave "4° As ivawiewneacoa segue p,N, ¥ 
OT83 ol sbeuatese  shebtvadeakeenes p,n 
OV.79. ib stusees (F& wepetenaceanarys p, n 
(22.4) | cee eee fn ee cee eee (y, n) 
(22.8) | cee eeee fee eee ee eee eee (y, 2) 
(24.3) | cece eee fn ee eee eee (y, a) 
(25.36) | ...e eee | eee eee eee eet (d, p) 
S650: «| sutsaed. | SAmedeoreaeaeents d, (n), p 
S64. (a iektiey “2 # -aebeageeyiecte gia d, p 


ecco bce aetotl cea se UN ae 
N?2: mass excess = 21.2 + 0.1 Mev 

eae ee Se eS ee 
No excited states are reported. The ground state (7’ = 1) decays by positron emis- 
sion (74 = 0.0125 + 0.001 sec) to the ground state and to a-unstable states of C2, 
From analogy with B!2, probably J = 1* 

oe eS eS SS ee 

B}3: mass excess = 19 + 2 Mev 

I A 
Not reported: if the assumed mass excess is correct, the ground state (T = 3) is 


stable with respect to nucleon emission 
I 


C13: mass excess = 6.958 + 0.013 Mev 


0 cite. if ti agrees Stable 
3.09 stig ™ <3 X 10713 sec y 
3.68 a: z ee Tore eee ee y 
3.86 ae a Y 
6.87 g+ S455 r < 10 kev n 
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TaBLe 8e-1. ENeray Levets or tHe Lignt Nvuc.LeE! (Continued) 


i ee 2 er ee Y 


ba ee ee ee ey 


a ee 


GOA OP so eee ae ee Tr ~ 200 kev 
11.98 a). lr ~ 150 kev a, n 
Wage. Spee die. | betas tae teeetout tals oy a,n 
EZBOD d. atienierie | aa Stes uaetenes so oe a, n 
a a ee ne a,n 
(loa 1) Bedaeeee, “|| Sie ee Beka ect a,n 


N}3; mass excess = 9.179 + 0.013 Mev 


0 (s)-;4 74 = 10.05 + 0.03 min gt 
2.37 d+. - T = 35 + 1 kev p, Y 
3.51 god Yr = 67 + 7 kev Pp, ¥ 
3.56 gts s I = 61 kev p 
(6.4) Sn steed eter te ut sanaton (p) 
6.90 ar Vee eee earns p 
7.40 a rete ra ee eee p 
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TABLE 8e-1. ENERGY LEVELS OF THE LicuT Nuc el (Continued) 


E, J,0; 7 Width or lifetime _ Decay 
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C!4: mass excess = 7.153 + 0.010 Mev 


Ot; 1 73 = 5,400 + 200 years B- 
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Fig. 8e-10 
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TaBLE 8e-l1. ENERGY LEVELS OF THE LicHT NucLEI (Continued) 


Ez Ge 8 ae Width or lifetime Decay 
8.06 ie Tr = 30.2 kev p, Y 
8.62 Ot Tr = 5.6 + 2 kev RP, 
8.70 0-31 Tr = 470 kev — Pp, Y 
8.90 3 T = 19 kev DP, Y 
8.98 it T = 6.5 kev PP, Y 
9.18 (2~; 1) Tr = 2.0 + 0.2 kev D, ¥ 
9.49 (1, 2) T = 42 + 3 kev Pp, 
TOeAS: WNl-seeereeee Fo taeddtdvege a elnacss Dp, Y 
|) 0 | a (ee Tr = 90 kev d,n, p 
PESOS: il) xen eee ies rT = 26 kev d, p 
11226). | vawexeeon r = 19 kev Pp, n 
P1226 of ere tates r = 170 kev d, n, p 
1135" ) iacew ores T = 140 kev n 
Pisal ee ieketies oy T = 28 kev d, n, p 
1149 |} ohana T = 4.7 kev d, p, n 
ED O56: ob. esdee eo ees T = 17 kev d,n 
ESTO |) ater oes T = 120 kev d, n, p 
12:0. i. -Sesaeeaad r = 90 kev d, n, p 
12229. b shedivieads: Tr ~ 200 kev a, n, p, d 
12.42 4- Tr = 438 +4 kev a,n, p, d 
12.50 | ......... T = 36 + 5 kev a,n, p, d 
12261. 'll  sevss hi aaa T = 50 + 5 kev a, Pp 
12.69 3” r= 14+4kev 7, n, p, d 
12.79 4t T= 14+4kev _a,n, p, d 
12.82 4- Tr =5 + 2kev a, p, d 
12.92 4t r= 21 +4 kev a, p,d 
T3c 46.) sk aaw' cons Sharp a, nN, p 
13.24) |. sssekalenes Broad a, n, p 
13272), ‘h Seer Gas Broad a, N, p 


O14: mass excess = 12.168 + 0.015 Mev 


(OT); 1 73 = 72.1 + 0.4 sec pt 


2 1 
5 1 Broad and/or unresolved 
3 1 


C15: mass excess = 13.17 + 0.06 Mev 


No excited states are reported. The ground state (T = 3) decays by electron emis- 
sion (73 = 2.4 + 0.3 sec) to the ground state and to one or both of the 5.3-Mev states 
of N15 
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TABLE 8e-1. ENERGY LEVELS oF THE LicuT NucLeEI (Continued) 
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N15: mass excess = 4.528 + 0.011 Mev 
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Decay 


* Numerous levels are reported to exist in the range Ez = 13.4 to 19.0 Mev, but their locations are 
not well established. 


ENERGY LEVELS OF THE LIGHT NUCLEI 


19.0 


SON 
N 


CARL 


lL 


IMEV 


J23/o 


N's | pt! oO 
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Tasie 8e-1. Energy LEVELS oF THE LicHT NUCLEI (Continued) 


Ez Jie 7 | Width or lifetime Decay 
O15: mass excess = 7.233 + 0.012 Mev 

0 se 54 ry = 119.1 + 1 see pt 
B.27 |. (SEDs g | et cec ccc cccscsncees ¥ 
6.14 CS ae ee ee y 
6.82 x, $t; + BAe btatels tok. Gach acento ace OY 
7.61 (<35¢ T <2kev P, 
8.0 x ets rT = 93 + 30 kev DP, ¥ 
8.34 (<$>);$ r=45 + 1kev D,¥ 
8.79 Fs YT = 47 + 20 kev : p, Y 
8.98 (2-);4 r= 10 + 3kev PD, ¥ 
9.04 (<3-);$ Yr = 6.5 + 1.5 kev p, Y 
9.55 z r=13 + 4kev DP, Y 
9.67 s r= 10 +3 kev PP, ¥ 
9.8 ee ae Yr = 1.20 + 0.05 Mev Pp, Y 
11.95 5 Broad Dp, a 
12.3 s Broad p,a 
12.6 = Broad Pp, a 
13.09 eS Broad Pp, a 
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TaBLE 8e-1. ENERGY LEVELS OF THE Liacut NUCLEI (Continued) 
a ee 
Ez J, 0; 7 Width or lifetime Decay 
ar Fo a ee a 
N'5: mass excess = 10.40 + 0.03 Mev 
he So as A cee ce 


0 (2-);1 7, = 7.37 + 0.04 sec B- 
0.113 an eer aene een (y) 
0.300 EO eh ee ttake teh ronena (y) 
0.391 | ond Scns hae er oe ere (y) 
12.35 1 


Ir ~ 400 kev p 


O18: mass excess = 0 


0 OO ih . epi Adautl batt oye me | Stable 
6.06 0+; 0 7} = 5.0 + 0.5 X.107" gee us 
6.14 37; 0 1074 > 7 > 5 XK 107!2 sec Y 
6.91 2+: O 74S 1.2 X 10-“ sec y 
7.12 1-; 0 7 S 8 X 10-4 sec ¥ 
(8.6) 0 | 
9.58 1-;0 T = 650 kev a 
9.84 ° 2t: 0 Tr = 0.8 kev : a 
10.36 4+: 0 T = 27 kev a 
(11.10) 0 T = 8 kev (a) 
11.25 OTF; 0 T = 2.5 Mev a 
11.51 2t; 0 Tl = 80 kev a 
11.62 37; 0 tT = 1.2 Mev a 
12.43 (Ot, 1-);0 T = 88 kev | p, a 
12.51 2- T = 0.8 kev p, a 
12.95 2- T = 2.1 kev Dp, a 
13.09 1-; (1) T ~ 140 kev 7 Pp, a, ¥ 
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TABLE 8e-1. ENERGY LEVELS OF THE LigHt Nuc Er (Continued) 


a 


E, J, 11; T Width or lifetime Decay | 
13.24 4t Tr = 21 kev DP, a 
13.65 _ fee r ~ 140 kev | p, a 
16202". il) ancnehoeeaies rT = 22 + 8 kev y,n 
Os4. ol) tua eeiG ike W? -atpneed hee GF eed ees | Y) 1 
1627  Wieghotiera tts. 4! wigs ating eT ee | vy, n, (a) 
AG Bb), Wi evitceweeee fb Betsetutuyeaereeetat aes vy, 

~ TGS, lll ecu Cet | eheeeeatss oer Meee he y, 2 
Lie’ . dt sGeeeee VON Glee thud: ute haart tee datas vy, n, (a) 
(17.44) | ......... Bute dat ta cee ete deta wee vy, n 
(17254): " acuesiguasag || -aeetieseecneeee rane. vy, n 
5 Gee 5 a | er ee r ~ 20 kev y,n 
ChiSS). ot eadws wunkee ty  phet aie see sade err yn 
(18248)" ol Gcdkaveceses | 2 eters A eRe eee | vy, 1 
1S°O. Giaciescaawewe |) dies eevee ustner eee ts y, 1 
19:3 ‘UA tenga sere -Reaie ethene eseee ches yn 
O07 ‘Wltonwtebeosd!, BebeteaSecatees Seeeecs is yn 
OVO: ‘lh Ge eee TE ieee dri the va Baka octis ads Seto eee 7, n 


F156; mass excess = 15.9 + 1 Mev 
a 
Not reported: if the assumed mass excess is correct, the ground state (7 = 1) is 
unstable with respect to proton emission by 1.1 Mev. By analogy with N‘6, the 
ground state J is probably 27 
a 

N!7: mass excess = 13.0 + 0.2 Mev 


se a ae 


No excited states are reported. The ground state (7 = 3) decays by electron emis- 
sion (7, = 4.14 + 0.04 sec) to one or more excited states of O!” which are neutron 
unstable. Whether transitions occur to bound states of O1” is not known 


i a i a ee ee SSS 


O17: mass excess = 4.221 + 0.006 Mev 


0 Poe d! Lopwongelse ean caueeee oo Stable 
0.87 253 tm = 2.5 +1 X 107! sec ¥ 
3.06 =>. i: Ateadencepeeeas aan sex (y) 
3.85 A lt geet ma aneuy Shi nghe (y) 
4.56 3 lr = 42 kev n 
5.08 B+. 5 Tr = 95 kev n 
(5.23) s r=8 +6kev 

5.39 a3 r = 33 kev n 
5.71 ae rT <7 kev n 
5.87 [O53 r < 10 kev n 
5.94 55g Tr = 28 kev n 
6.30 sg r = 110 kev n 
6.87 + 

(6.99) s r = 20 + 11 kev | 

7.16 5 lr ~ 3 kev a 
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* Twelve or more levels may exist in the range 10.6 to 12.8 Mev. 
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J,0;7 Width or lifetime 
gt: r = 210 kev 
37; I = 750 kev 
a5 r = 260 kev 
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le a ee eR a 


(3+); 4 74 = 66.0 + 1 sec 
P45. 1° : 
SF Yr = 18.7 kev 
s)34 T < 3.3 kev 
);4 r ~ 400 kev 
(3);4 r = 300 kev 
s r < 25 kev 
(*); $ r = 190 kev 
+ rT < 25 kev 
+ YT < 25 kev 
eS T < 25 kev 
s Y < 25 kev 
(st); 4 T = 140 kev 
s Pr < 25 kev 
+ rT < 25 kev 
x T < 25 kev 


ee ree ee ee oe 


F17; mass excess = 6.988 «+ 0.005 Mev 


a 


Rk a 


8-—SO NUCLEAR PHYSICS 


TABLE 8e-1. ENERGY LEVELS OF THE LIGHT NucLEI (Continued) 


E, | J, H; 7 Width or lifetime Decay 
O18: mass excess = 4.522 + 0.022 Mev 
0 Orc. ~ sl atmeyaath em bay ce weet bde te Stable 
1.98 Do eta cat as tarde Suet treat eas Et A dae th dete (y) 
(2.45) A Wee Berean heeds oe ee ae (y) 


F18: mass excess = 6.193 + 0.021 Mev 


0 (1+); 0 7 = 112 + 1 min Bt 
1.05 (OQ Ts Rive Aceraneee Seas Soke Y 
1.83 (OQ). 4 @ohheelepeseain (y) 
2.20 (Oy - pedeaatirven eda. (y) 
2.61 (QO) i sie ub enlace meres (y) 
3.23 (GQ); i) serepawatengeancus (y) 
3.92 (CO) 3 seeedeeteaieaeeiagee (y) 
4.42 (0) 
5.01 (0) 
5.60 | (0) Yr < 1.2 kev Q, 
5.67 rT < 0.8 kev a, 7 
GoGOF ol dea deactes r= 27 + 4 kev a, p 
6280) NW) ox wecanks T = 93 + 8kev a, Dp 
(eB en ere ea eet T ~ 460 kev (a, p) 
Cit) of ceeemene..- Ob 89a eh Oka Gea eaeasa es (a, p) 
S20 ° 4 Giguceae. “Ut  ~8ai aoe tenga ney a 
Bebe tN! Beveews a pares evbgheataieaacd a 
OD (iil witaedy dh  ##SSiesdeecteadead d, p 
Ob: |i Adeebie |) © seteeraoacueeaieged d, p 
OS i aeseeaie Broad d, p 
1030. | uke rested Broad d, p 
10:59 + wAeeaeees Broad d, p 
1OGSs: OA) -. epee Broad d, p 


Y Y Z 


| 5.4 
60.59.87 5.610 a 
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TasB.e 8e-1. ENERGY LEVELS oF THE Licut N UCLEI (Continued) 


E,; J Te 7 Width or lifetime Decay 


ee 


Ne?8: mass excess = 10.4 + 0.2 Mev 


Se a 


No excited states are reported. The ground state (7 = 1) decays by positron emis- 
sion (rz = 1.6 + 0.2 sec) to the ground state of F8 


i 


O19: mass excess = 8.930 + 0.024 Mev 


0 ($+); 2 74 = 29 sec B- 
0.096 nt ern crre (y) 
1.470 i a a oe (y) 


ree 


F8: mass excess = 4.149 + 0.014 Mev 


a 


0 ee We gece ahs ene eer ce. Stable 
0.110 se tm = 1.0 + 0.25 & 10-9 sec ¥ 
0.197 x3 e ™ = 1.0 + 0.2 X 10-7 sec y 
(0.9) So te deed dghetet sa haces te (y) 
1.35 Ee Ee eee ene ee Y 
1.57 Gooe Wi wes ied areuecee chutes ¥ 
(2.2) Ne a dagdea re As oe eves ete, (y) 
2.82 Blk oes st cceawtchs Wale ht (y) 
3.94 A baeiiehdiedaincun olan tak at (y) 
4.06 - 

4.41 = 

4.48 s 

4.59 s 

4.76 BY 

(5.2) z 

(5.5) z 

8.56 (3) T ~ 25 kev Dp, a 
8.76 (s) IT ~ 45 kev Dp, a 
10.47 | ......, Tr = 38 + 2 kev p,n 
NGO sl eh aaes Fo dephnea Rak cine eee ek pee eto t p, n 
10.59 | ......, r= 33 + 5kev p,n 
10.84 3 T = 57 + 2kev p, n 
10.96 (s) TY = 43 + 10 kev p,n 
11.05 3 r = 62 + 2kev , p, n 
11.16 () lr = 43 + 2kev p, n 
ee a ee re ee re eer Pei tse te Teccel aan a p,n 
MOE  etpeecks Tr = 80 + 20 kev p,n 
Tio Bet ee TW teeta e os LA ech dees Dp, n 
UZ th eee, 2 xadysdednemeim ner itnds ern scl: p, 7 
Beco: tt ehet ae, DY eave tans yee Shes gost 4k. pn 
BORO 8b, Qemetiaagtee NY . ed dadleneasehy ca wetted oi eae | p,n 
Hose Hl aie, WP Gach erie wen Vata ae aseact pn 
Hao OW Beaton WY dite cut k ht nites, tas p,n 
12 a ee ee a |e Yn 
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TaBLe 8e-1. ENercy LEVELS oF THE LIGHT NucueEt (Continued) 


Ez J, eT Width or lifetime Decay 


| 


Ne!®: mass excess = 7.405 + 0.014 Mev 


0 Gos. il ekeaa di eeaee.adomsuati cece: pt 
0.255 aE coe eer ee en eer rma (y) 
0.289 Be Write dest tan cen tector deste tm (y) 


a ee E ( 

O?°: mass excess = 13.3 + 2 Mev 
Se et 
Not reported: if the assumed mass excess igs correct, the ground state (T = 2) is 
stable with respect to nucleon emission 


a Sy 


F'20: mass excess = 5.913 + 0.016 Mev 


0 (17); 1 7 = 11.4 + 1 sec B- 
0.65 a an nn cee ee eee ee (y) 
0.83 | er ee ee ree See eee (y) 
0.99 sy re 3 rene eee a (y) 
1.06 je ne cee, Seer oy Meee ~  (y) 
1.31 Od,’ eee eee, (y) 
1.97 | cD oe oo. re tere eee (y) 
2.05 1 any es eee nee eee (y) 
2.20 i Sh | hoe 2c ore mete ae (y) 
(2.55) Me asia dem teents (y) 
2.87 Ue eae oa Nut nor (y) 
2.97 DM eet ee ee ee: (y) 
3.49 jr re eh a6 en ere eae (y) 
3.53 PGs A egateeet (y) 
3.59 | A ee etre ses ee eee ere (y) 
3.68 | ore ee rs (y) 
3.96 Ee eae oe ae! ok (y) 
4.08 et it pated (y) 
4.28 | St) nD 2 ogee meee Sate ee. (y) 
4.31 1 rn Ce ee eee eee (y) 
(5.06) | | oes ee eran aee (y) 
6.63 1 T = 3 kev n 
6.65 1 T = 5 kev n 
6.70 1 rT = 15 kev n 
6.86 1 T = 28 kev n, ¥ 
6.92 1 T ~ 200 kev n 
7.00 1 Tl = 24 kev n 
7.08 1 YT = 33 kev n 
7.17 1 TI = 28 kev nN, ¥ 
7.34 nt rr ane hetero ante n 
7.39 ON eae Meee ot ne ects e n 
7.44 ee ne ee re ee ee n 
7.50 5 | ot ee eee enon n . 
7.78 Be the Seehattewe he oe wool n 
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TasBLeE 8e-1. ENeErGy LEVELS oF THE Licut Nvucuer (Continued) 


E, J,U; 7 Width or lifetime Decay 
8.18 : rr Gn ak rare eer en Na te n 
8.54 TO a ee er ed n 
UG i Rete, a has, Gating (n, a) 
COLA)? 4h Seeetieets JF deve dice teen ue (n, a) 
Ne?°: mass excess = —1.189 + 0.019 Mev 
O70 1, | Séinaeuseomnae’ Stable 
1.63 OOO. shi 8, eae Re OR Y 
(2.2) Of webtaereeas (y) 
4.36 a (ne oor ate eee (y) 
5.4 0 
6.74 0+; 0 r = 19 kev a 
7.18 37; 0 Tr = 8 kev a 
7.22 OT; 0. T = 4 kev a 
7.45 27; 0 Tr = 8 kev a 
7.85 2°50 Yr = 3 kev a 
9.3 CeO. 1 Kae aoa (y, a) 
10.0 ‘= arn ae (y, @) 
WigOO (F -sMacceenss ¢ 52 § caerdnee agen God y 
MUSE i. athe hee OY 
13N08: vba ed T = 0.95 kev p, a 
13.19 i T = 2.8 kev p, a 
138.88 {  ...... Tr = 2.1 kev p, a 
13.44 (27) T = 35 kev p, a 
13.51 1+ Tl = 7.1 kev p, a, 7 
13209. fo deweos lr. = 35 kev p, a 
IS:GE 3), secure de rT ~ 10 kev p, a 
13.66 | ...... Tl ~ 7.9 kev p, a 
13 .67 Ot Tl = 28 kev p, a 
13.70 27 YT = 5.0 kev p, a 
LSutO |i Saxe wee T = 4.5 kev p, a 
13.76 1 Y = 7.6 kev p, a 
13.9) deeds Yr < 1.2 kev Dp, a, ¥ 
WSnGo le basduts r ~ 60 kev Dp, a 
13e90- cb. awaacee rT = 3.5 kev p, a 
13:99 | sess Tr ~ 130 kev p, a 
14.04 {|  ...... Tr = 70 kev p, a 
14.10 (3*) T = 18.2 kev D, a 
14.18 |  ...... Tl = 3.8 kev p, ¥ 
14.16 2- Y = 4.3 kev p, a 
14.17 (2+) T = 35 kev p, a 
14.18 2- T = 14.2 kev p, a 
14.23 1+ YT = 14.9 kev 0,7 
14.41 |  ...... lr ~ 5 kev 0 
14.47 | ...... Tr = 29 kev p, a 
14.50 Ot TY = 135 kev p, a 
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TABLE 8e-1. Enercy Levers or THE LicHT Nuc ei (Continued) 


E; J,; 7 Width or lifetime Decay 
ee ieee eee 

14.64 1- T = 127 kev p, a 
: Ee rer r = 14 kev Dp, a 
14.80 | ...... T = 57 kev Dp, @ 
14.89 At Tr < 80 kev p,a 
1D200 45 exes r = 80 kev p, a 
15.08 2° rT < 80 kev D, a 
15:25 3! elute Tr = 28 kev | p, a 
15.34 Ot Tr ~ 300 kev p,a 
15-30 9 sendeuere r = 85 kev p, a 
1G ee ee r = 57 kev p, oa 
15274, oe mtiated r = 28 kev p, a 
15290 |} “Ss55%. r = 76 kev p, Nn, a 
16.19 | ...... r = 38 kev p, o 
16.59 | 3 ...... Tr = 28 kev p, a 
GOLF oy. s6ekee r = 105 kev p, a 
16.95 | ...... T = 43 kev p, N, a 
fell ho enedee CT = 76 kev Pp, n 
1 ae: Sn ee r = 24 kev p, Nn, a 
TEL CC, deans T = 24 kev D, Ny a 
17226 -f|- seep aida T = 57 kev p,n 
L750? | Sahetee Tr = 24 kev p, N, @ 
PPA Ns. Gabeeet Tr = 38 kev p,n, a 
17268 | -Sgeee% T = 19 kev D, Ny a 
17569: |, -axesse T = 28 kev p, Nn, a 
1728), h  wddnen = 66 kev p,n, a 
W.01 |  ...eee fo ne eee eee p,n 
18.36 |  ....ee fw ee eee ee eee p, n 
18.65 | ....6. fn ee ene p,n 
19.02 | ccc eee Fn eee p,7n 


Na2*: mass excess = 14.2 + 0.5 Mev 


No excited states are reported. The ground state (7 = 1) decays by positron emis- 
sion (rz = 0.38 + 0.01 sec) to a-unstable states of Ne?® 


8f. Gamma Rays 


Je M. CORK 


University of Michigan 
ee aaa a a are seeaearpeaaateeernameessamenetemes 


8f-1. Absorption of Gamma Rays. A beam of gamma rays on passing through 
matter is reduced in intensity exponentially. If J is the intensity of the incident 
radiation the intensity J after passing through a finite layer of material, whose thick- 
ness is x, is given by 
I = Ig e7# 


, where y is the total absorption coefficient of the material. It is a function of the 
energy of the gamma rays and may be thought of as being the sum of a number of 
partial coefficients representing various processes of absorption. 

It is customary to represent the probability of an absorption process by a cross 
section o which is proportional to the absorption coefficient. 

The total cross section may be regarded as the sum of the cross sections for each of 
the various processes by which the intensity of the beam of gamma rays is reduced. 
These processes are 

1. Photoelectric effect 

2. Compton scattering 

3. Pair production 

4. Nuclear photodisintegration 

5. Elastic scattering 

8f-2. The Photoelectric Effect. A photon of sufficiently high energy may give up 
its entire energy to an orbital electron. In this event the kinetic energy of the elec- 
tron W, is the difference between the gamma energy Wy and the work function P of 
the electron, so that " : 


W.=W,-P 


Absorption due to the photoelectric effect is greater. the more tightly the electron is 
bound; hence it is more important for a K electron of the heavy elements. For these 
elements and radiation of low energy the photoelectric effect accounts for most of 
the absorption. 

For energies up to 0.5 Mev, in light elements, Heitler has developed an expression 
for the cross section ox for the two K electrons which may be expressed as 


rae CZ cm? 
CK = WwW, 
where C is-a calculable constant, approximately 10-%3, Z is the atomic number, and 
W, is the gamma energy in Mev. More detailed developments capable of being 
extended to the heavy elements and for higher energies have been made. 
8-87 
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For very high energies, when Wy > 0.51 Mev, the cross section is mainly given by 


_ 1,41(10)788Z5 : 
K = — Wy cm 


Values for the cross sections for K electrons in representative elements Be, Al, Cu, 
Ag, and Pb are shown graphically in Fig. 8f-1. 

To obtain the contribution to the absorption coefficient due to the photoelectric 
effect it is necessary to consider not only the K, but also the D and M electrons. 


107° 


Mev 


Fig. 8f-1. Photoelectric K electron cross sections as a function of gamma energy, in various 
elements. 


Latyshev has reported that in heavy elements the total additional cross section due to 
all L electrons is about one-fifth that of the K electrons. In addition, the contribution 
due to all M electrons is estimated at one-twentieth that of the K electrons, so that 
the total photoelectric cross section per atom ¢, is about five-fourths of ox. For 
lighter elements the effect of the outer electronic shells is less, and op & (g)ox. 

8f-3. The Compton Effect. A photon of energy W,, incident upon a loosely bound 
electron, may suffer an inelastic collision. The electron will recoil with some of the 
energy W. leaving the scattered photon with a lower energy (Wy — W.). 
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The kinetic energy of the electron W, recoiling at an angle ¢ is equal in Mev to 


1.02W,, cos? ¢ 
* (Wy + 0.51)? — W,? cos? ¢ 


The photon is scattered at an angle 6, which is related-to @ by the relation 


0.51 cot 6/2 

NE Wee OL 
Compton scattering is particularly important in the lighter elements for energies 
up to a few Mev. The cross ‘section og for this scattering process per electron was 
first formulated by Klein and Nishina with the result which is shown graphically in 
Fig. 8f-2. Many experiments made at intermediate energies in elements of low 


10° 


27 
10 OO 


al 1.0 ‘10 100 . 1000 
Mev 


Fig. 8f-2. Cross section per electron for Compton scattering as a function of gamma energy. 


atomic number, where corrections for the photoelectric effect and pair production are 
small, have confirmed the validity of this relationship. . 

8f-4. Pair Production. Following the discovery of the positron by Anderson 
several theoretical papers appeared dealing with the annihilation of a photon in the 
field of a nucleus. The energy of the photon Wy, in excess of that needed for the 
creation of the electron pair (2c? = 1.02 Mev) appears as the kinetic energy of 
the two particles. | a 

The differential cross section for the production of a pair of positive and negative 
electrons by a gamma ray has been computed by Bethe and Heitler. For inter- 
mediate energies, with no screening, this cross section is 


Cpp = 5.7932Z7(3.11 log 3.92W, — 8.07)10~-28 cm? 


For the three elements Al, Ag, and Pb the cross sections are shown graphically in 
Fig. 8f-3. 

At very high energies the screening cannot be neglected, and in this case the total 
cross section has been expressed as 


Trp = 5.793Z7(3.11 log 188Z-4 — 0.074)10-28 cm? 
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This value for a particular Z is independent of the energy of the photon. Hence it 
can give only the upper asymptotes for the curves shown in Fig. 8f-3. 

It is possible for a photon to produce pairs in the field of an electron. For an ele- 
ment such as aluminum with its 13 electrons the distribution with energy is shown in 
the lower dashed curve of Fig. 8f-3. It is apparent that the electronic effect is small 
compared with that due to the nucleus. | = > 3 

8f-5. Nuclear Photodisintegration. For photon energies, above the binding energy 
of the neutron, interactions may occur in which the neutron is ejected from the 
nucleus at the expense of the energy of the photon. The effect was first observed by 


or" 
= 
———_—— 
—_— 


an ee 
“— 
Pal 


Pay (ELECTRONS) 


107° 


t 10 100 _ 1000 10000 


Mev 


Fia. 8f-3. Cross section for pair production in Al, Ag, and Pb asa function of gamma energys 
The dashed curve shows the contribution due to the electrons alone in Al. 


Chadwick and Goldhaber in deuterium, which has a low threshold of only 2.224 Mev. 
For heavier elements energies of 10 Mev are required, and many observations of the 
effect have been made. The cross section for the effect is small, even at energies 
well above the binding energy of the neutron. It increases to a maximum at energies 
two to four times the binding energy of the neutron and then decreases for increasingly 
higher energies. This decrease is due to the introduction of competing decay proc- 
esses at the higher energies, such as (7,27) and (y,np) interactions. 

Below 30 Mev the interaction is assumed to be by dipole absorption. In general, 
for elements heavier than Be the value of the cross section is peaked between 15 and 
25 Mev with a resonance width from 5 to 6 Mev. Empirically, the maximum cross 
section occurs at an energy Wm given by | : 


Wipes Mev 


where A is the atomic mass of the nucleus. 
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The results of Montalbetti et al.1 for Al, Ag, and Pb are shown in Fig. 8f-4. The 
values of the maximum cross sections are not in very good agreement with theory, 
especially for Pb. 

8f-6. Elastic Scattering. Some contributions to the loss in intensity of a photon 
beam traversing matter are effected by “elastic” scattering. In this process the 
direction of the incident photon is altered with no change in its energy. The phe- 
nomenon is sometimes referred to as the Delbriick effect because of an early suggestion 


10 24 


Cm? 


, 10-2 é 


19°27 
10°77 L 


Mev 


Fie. 8f-4. Cross section for nuclear photodisintegration in Al, Ag, and PB. (Montalbetti, 


Katz, and Goldberg.) 


regarding the possibility: of the scattering of a photon by a Coulomb field. It now 
appears that this may be accomplished by any of the following processes: 
- 1. Thomson scattering by nucleus : 

2. Rayleigh scattering by bound electrons 

3. Nuclear resonance scattering : 

4. Potential scattering by virtual pair production 

The magnitude of each of these effects is small compared with that due to Compton 
scattering. Rayleigh scattering dominates at small angles and is due to the coherent 
scattering by the electrons. In the Thomson effect the nucleus vibrates under the 
action of the photon and reemits the same frequency. Nuclear resonance scattering 


1 Montalbetti, Katz, and Goldberg, Phys. Rev. 91, 659 (1953). 
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occurs within the nucleus by the excitation to an excited virtual level by the absorption 
of the photon, followed by reemission. The probability of encountering this phe- 
nomenon is not large. 

By observing only those scattered sietene whose energies are unchanged, through 
the use of a pulse-height analyzer, experimental values have been obtained for the 
over-all effect as a function of angle. These experimental points! for lead, for a photon 
energy of 1.383 Mev, are shown graphically in Fig. 8f-5. The experimental values 
are smaller than those expected from calculations for the combined Rayleigh and 
Thomson effects alone. 

1io"4 


RAYLEIGH -+ THOMSON. 


TOTAL SCATTERING 


GROSS SECTION CMY/STR 


180° 


29 
1o"o is0* 


30° 60° 90° 120° 
SCATTERING ANGLE 


Fie. 8f-5. Cross section for the elastic scattering of photons. 


A possible explanation of this discrepancy is to postulate the existence of some 
additional effect which is out of phase with the Rayleigh scattering. Such an effect 
might be the formation of a virtual electron pair which is annihilated with reemission 
of the incident energy at some angle other than the original. In combining computed 
values of this potential scattering with the Rayleigh and Thomson effects, the heavy 
curve of Fig. 8f-5 is obtained. The experimental points of Wilson show fair agree- 
ment with this curve. 7 

8f-7. Total Absorption of Gamma Radiation. The total cross section for the loss 
of a gamma photon from the incident beam per atom of absorber is the sum of the 
individual cross sections, so that 


1R. R. Wilson, Phys. Rev. 90, 720 (1953). 
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Stotal = Op + oC + Onp + ond Ce 
(Photoelectric) (Compton) (Pair (Photodisintegration ) (Elastic 
production) scattering ) 


At low energy, where the photoelectric effect predominates, o varies approximately 
as Z® while at high energies, where pair production is the principal factor, it varies 
as Z°, In general, the cross section at low energies is large and decreases to a mini- 
mum value as the energy increases. Beyond this minimum it rises steadily with 
increasing energy, because of pair production. 

The calculated values for the absorption coefficient in Al, Cu, and Pb are shown 
graphically in Fig. 8f-6. It is apparent that minimum absorption occurs in these 
elements at 25, 10, and 3 Mev, respectively. 


0.2 


ce) 
0.t LO . 10 


Mev 


Fic. 8f-6. Total linear absorption coefficient as a function of gamma energy for Al, Cu, 
and Pb. 


Many experiments on the over-all absorption coefficients of various elements for 
monoenergetic gamma rays have been made. The accuracy is dependent among 
other things on the use of an ideal geometry in which the absorber is remote from the 
receiver, a condition that is often overlooked. Conclusions from the experimental 
data have been varied. In some cases the experimental results appear to be in close 
agreement with theory, whereas in other reports considerable disagreement exists, 
especially for the heavy elements. For energies of 17.6, 88, and 280 Mev the experi- 
mental values have been reported to be less than the theoretical by about 10 per cent 
in lead and uranium, and by 3 per cent in tin. In aluminum and beryllium the 
experimental value is larger than the theoretical calculation. The deviation has been 
oxpressed! as a linear function of Z?. 
8f-8. Angular Correlation and Polarization of Gamma Rays. When an unstable 
nucleus emits in succession two radiations, there is the possibility that the directions 
of emission are not randomly distributed with respect to each other but that a certain 
nisotropy or correlation exists. Further a correlation may exist between the direc- 
‘ion of propagation of one quantum and the polarization of a second emitted quantum. 


1J. L. Lawson, Phys. Rev., 75, 433 (1949). 
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TABLE 8f-1. Gamma Rays AccOMPANYING NEUTRON CAPTURE 


Element 


eee reer ee EE | 


Source 


H.0 


-| Be metal 


Graphite 
Be 3N 2 


Oxide 


Gamma energies, Mev 


2.23 
3.41, 6.81 
3.68, 4.95 


| 10.82, 9.16, 8.28, 7.36, 7.16, 6.32, 5.55, 5.29, 4.48 


6.63 

6.41, 5.61, 5.13, 3.96, 3.85, 3.60, 3.56. 

9.26, 8.16, 7.37, 7.15, 6.75, 6.39, 5.73, 5.50, 5.05, 3.92, 
3.45, 2.83 

7.72, 7.34, 6.98, 6.77, 6.61, 6.50, 6.33, 6.22, 6.13, 6.01, 
5.89, 5.78, 5.60, 5.41, 5.32, 5.21, 4.94, 4.79, 4.66, 4.45, 
4.29, 4.16, 4.06, 3.88, 3.62, 3.46, 3.29, 3.02, 2.84 

7.6, 1.7 

10.55, 8.51, 7.79, 7.36, 7.18, 6.88, 6.76, 6.40, 6.11, 5.70, 
5.52, 5.11, 4.95, 4.60, 4.20, 3.57, 2.69 | 
7.94, 7.85, 7.62, 7.42, 6.76, 6.33, 6.14, 6.02, 5.71, 5.41, 
5.27, 4.93, 4.68, 4.49, 4.38, 4.20, 3.92, 3.55, 3.28, 3.04 
8.64, 7.78, 7.42, 7.19, 6.64, 5.97, 5.43, 5.03, 4.84, 4.60, 
4.38, 3.69, 3.36, 3.21, 2.94 

8.56, 7.77, 7.42, 6.98, 6.62, 6.12, 5.72, 5.51, 5.01, 4.46, 
4.06, 3.62 

7.7, 6.2, 2.90, 2.40, 2.00, 1.59, 1.15, 0.78, 0.74 

9.28, 8.48, 8.03, 7.77, 7.20, 6.98, 6.30, 5.75, 5.38, 5.01, 
4.39, 4.18, 3.92, 3.67 

8.2, 6.0 

7.83, 7.43, 6.42, 5.89, 5.66, 5.49, 4.95, 4.76, 4.45, 3.62 
8.2, 6.8 

8.85, 8.54, 831, 8.18, 7.65, 7.15, 6.84, 6.35 

0.22, 0.15 

9.39, 9.19, 8.27, 7.80, 
A. 88, 4.67 

6.4, 3.97, 1.38, 1.00, 0.33 

7.31, 7.15, 6.87, 6.62, 6.51, 5.88, 5.74, 5.51, 5.21, 4.98, 
4.85, 4.45, 4.15, 3.73, 3.59, 3.36 

7.4, 6.8, 5.7,5.3  - | 
9.72, 8.88, 8.50, 7.93, 7.67, 7.54, 7.36, 7.21, 7.10, 6.87, 
6.64, 6.36, 6.26, 6.12, 6.00, 5.61, 5.26, 4.83, 3.72 
7.4, 6.8, 5.7, 5.3 

7.26, 7.15, 7.05, 6.78, 6.43, 6.11, 5.91, 5.77, 5.63, 5.53, 
5.21, 5.04, 4.81, 4.72, 4.55, 4.24, 4.10, 3.82 
7.2, 5.0, 0.19, 0.09 

10.16, 9.30, 8.87, 8.35, 7.64, 6.02, 5.91, 4.97, 4.81, 4.44, 
4.21, 3.86, 3.43 

8.5, 7.4, 6.0, 0.43 
7.49, 7.20, 7.04, 6.97, 


7.38, 6.76, 6.53, 6.41, 5.65, 4.96, 


6.87, 6.69, 6.47, 6.25, 6.11, 5.97 
5.73, 5.65, 5.35, 5.18, 4.90, 4.59, 4.37, 4.18, 4.03, 3.69, 
3.36 


7.0, 5.9, 1.5, 1.1, 0.22 
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TaBLe 8f-1. GAMMa Rays Accompanying Neutron CAPTURE (Continued) 


Element 


eo we ee 


Source 


Ni.O; 


Metal 
Metal 


Metal 
Metal 


Metal 


; As2Oz¢ 


Cr ee er) 


re ed 


eo © © we ew 


ee oe we we 


SeO. 
SrCO; 


Metal 
Nb.O; 


.| MoC 


Metal 
Metal 
Metal 
Metal 
Metal 
Metal 
Metal 


.| Metal 


7 6 ee ew 


Metal 
Metal 
Metal 


...| Sb203 


ee we we ie 


| Metal 


BaO 
LaO 


tod PrO,, 


ee we we we 


Sm.0; 


Sm.149O, 


GdO 

Metal 
Dy20s3 
Metal 


.| Metal 


.....| Metal 


Metal 
HgF 9 


Metal Hg199 


; T1.03 


Gamma energies, Mev 


9.00, 8.53, 8.12, 7.82, 7.53, 7.22, 7.05, 6.84, 6.58, 6.34, 
6.10, 5.99, 5.82, 5.70, 5.31 

9.0, 8.5, 7.5, 6.5 

7.91, 7.63, 7.30, 7.16, 7.01, 6.69, 6.41, 6.05, 5.75, 5.64, 
5.43, 5.31, 5.18, 5.07 

7.5, 6.6, 0.15 

9.51, 9.12, 8.98, 8.58, 8.31, 7.88, 7.19, 6.94, 6.65, 6.49, 
6.26, 6.03, 5.77, 5.48, 5.23, 4.84, 4.14 

7.5, 1.7 

7.30, 7.05, 6.85, 6.38, 6.05, 5.41, 5.17, 4.97, 4.77, 4.53 
10.48, 9.88, 9.17, 8.50, 8.09, 7.95, 7.73, 7.42, 7.19, 6.88, 
6.59, 6.41, 6.23, 6.02, 5.80, 5.59, 5.21, 4.57 

9.22, 9.06, 8.38, 8.05, 7.53, 6.95, 6.87, 6.67, 6.27, 6.10, 
5.82, 5.43 

8.66, 7.71, 7.38, 6.30 

7.19, 6.85, 5.90 

9.15, 8.39, 7.79, 7.66, 7.54, 7.40, 6.92, 6.66, 6.39 

0.16, 0.08 

6.79, 6.36, 6.20, 6.06, 5.91, 5.55 

0.19 

7.27, 7.06, 6.95, 6.67, 6.55, 6.27, 6.06 

8.5, 0.56 

9.05, 8.48, 7.84, 7.73, 7.66, 6.82, 5.94 

(Cd118) 0.070, 0.093, 0.535 

0.26, 0.16 

5.86, 5.73, 5.55, 5.34, 5.17, 4.97 

8.0, 7.5 

9.35 

6.80, 6.50, 6.33, 6.11, 5.89, 5.61, 5.43 

0.61 

9.28, 7.79, 7.18, 6.68, 6.44, 6.06, 5.74, 4.98, 4.70, 4.10, 3.66 

4.5 

5.83, 5.67, 5.16, 4.79, 4.69 

7.89, 7.24, 6.79, 6.54, 5.99 

0.290, 0.329, 0.394, 0.433 

7.78, 7.36, 6.73, 6.41, 5.87, 5.61 

0.029, 0.038, 0.071, 0.077, 0.080, 0.130 

0.074, 0.075, 0.079, 0.097, 0.135 

6.07, 5.78, 5.57, 5.38, 5.21, 5.05, 4.84 

7.42, 6.73, 6.40, 6.18, 6.02, 5.77, 5.30, 5.25, 5.14, 4.94, 4.67 

7.92, 7.26, 6.07, 5.24 

6.49, 6.45, 6.31, 6.25, 6.15, 5.98, 5.70, 5.52, 5.20, 4.59 

6.45, 5.96, 5.65, 5.39, 5.07, 4.95, 4.83, 4.73, 4.66 

0.282, 0.270 

6.54, 6.20, 5.90, 5.63, 5.25, 4.91, 4.72 
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With the development of scintillation counters, having greatly increased sensitivity, 
many examples of the effect have been found. 

8f-9. Neutron Capture Gamma Rays. The binding energy per nucleon in the 
elements heavier than boron is of the order of 8 Mev. It must follow that the capture 
of a slow neutron in any isotope results in a highly excited state of the isotope greater 
in mass by unity. In the adjustment to the stable state of this isotope, gamma rays 
will be emitted. 

Investigations confirmed the existence of these gamma rays and showed that the 
lifetime for many such emitters was less than 1077 sec. It seems quite likely that 
this radiation consists of gamma rays with energies up to 10 Mev, because of transi- 
tions from a high-energy state whose lifetime is of the order of 10714 sec, in cascade 
with low-energy gamma rays due to transitions from low-lying levels to the ground 
state. The latter states may have lifetimes of the order of 10~1° sec and the low-energy 
gammas are highly converted. 

Extensive experimental studies have been made both at the Argonne National 
Laboratory and at the Canadian Chalk River Laboratory. Neutron beams from 
reactors irradiated the sources. In the investigations at Argonne the low-energy 
gamma energies have been evaluated by the use of magnetic beta spectrometers and 
multichannel scintillation crystal devices. The high-energy gamma rays have been 
studied at Chalk River by the use of magnetic electron-pair spectrometers. The 
difference in energies for the high-energy gamma rays should be in accord with the 
differences between the low-energy transitions. Many isotopes remain to be studied. 
The results to date are presented in Table 8f-1. 
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8g-1. Introduction. Information on the radioactive isotopes from the neutron 
through the radioisotopes of bismuth is given in Table 8g-1. The values used were 
selected from the data in the files of the Nuclear Data Group of the National Research 
Council up to March 1, 1955, which were kindly made available to the author. 

In a condensed table it is not possible to list all the work which has been done on 
each, or in fact most, of the isotopes. Accordingly one value for the energy of each 
of the various radiations is given. For references to the literature, as well as for 
other values, one should consult National Bureau of Standards Circular 499 and the 
subsequent publications of the Nuclear Data Group as listed in the References. Th 
following classes of isotopes have been omitted: (1) the stable isotopes; (2) the isotope 
having a nuclear charge Z greater than or equal to 84; (3) the isotopes emitting nega 
tive beta particles having no reported measurements of the energy of the betas; an 
(4) the isotopes for which the mass assignment is unknown or dubious. 

8g-2. Explanation of Table 8g-1—Radioisotope Data. Column 1 lists the nucleus 
undergoing decay. The left subscript on the first isotope listed for a given element 
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is the number of protons in the nucleus. The superscript is the mass number. The 
letter m following the mass number indicates that the decay data for the entry are for 
decay from a metastable or isomeric state. Decay from those states having half 
lives under a millisecond are listed under the parent radioactive nucleus. Metastable 
nuclei having half lives greater than a millisecond are listed under the nuclei them- 
selves. 
Column 2 lists the half life. Care has been exercised in the selection of values, but 
the values are not necessarily “‘best’’ values. 
Column 3 gives the type of decay according to the following notation: 
B~ negative beta particle (negatron) emission 
6* positive beta particle (positron) emission 
e electron capture (only when observed experimentally) 
a alpha-particle emission 
m neutron emission 
IT isomeric transition 
Column 4 gives the energies of the component groups in beta transitions followed 
by information on the abundances of the groups according to the following notation: 


For 6~ transitions 


( +) relative number of B~ transitions in the group 
( %) number of 8~ transitions in the group per 100 disintegrations 


For 8+ transitions 


( +) relative number of #* transitions in the group 

¢ %) number of 6+ transitions in the group per 100 disintegrations 

( %T) number of transitions in the group (e + 8+) per 100 disintegrations 

[ | ¢/6*, i.e., ratio of electron-capture transitions to B* transitions (total 
e/8* if set off by a semicolon) 


For some isotopes decaying by electron capture the disintegration energy has been 
measured and is denoted by Egis. Conversion electron energies are not given. E, 
and £, are alpha and neutron energies, respectively. 

Column 5 gives the energies of the gamma rays associated with the decay. Also 
given are data on the relative abundances of the gamma, rays and the transitions, 
conversion coefficients, half lives of delayed radiations, and multipolarity in that 
order when these data are available. The following symbolism is used for gamma | 
transitions: | | 


( +) relative number of gamma rays 
( %) number of transitions per 100 disintegrations 
[ ] number of conversion electrons per gamma ray = a 
[K } number of K conversion electrons per gamma ray = ax 
number of Z conversion electrons per gamma ray = a, 
(r= ) half life of a delayed radiation 
M1, E2, ete. multipolarity of a transition when given in the literature 
WwW, Vw, St, vat weak, very weak, strong, very strong (intensity) 


The L-shell conversion coefficient az is given only when ex has not been measured. 
K/L ratios are not given, nor are upper limits of half lives of delayed radiations when 
these are the only data given. For some isotopes only the energies of those transitions 
observed in more than one experiment are given. If the only value available for a 
transition is the conversion electron energy it is not, in general, listed. Selection of a 
particular value was based both on the method of measurement and on consistency 
with other data. 

The References include general discussions of subjects pertinent to the study of 
radioisotopes. 
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8h. Neutrons 
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ee a a a aaa a eran. 
Primarily because of their lack of charge and their availability in high intensity, 
neutrons have been used to study interactions with matter over a 101%-fold energy 
range (1074 to 10®ev). The complexity of these interactions is such that they cannot 
all be presented in tabular or graphical form in reasonable space. Here only the 


interactions that have been fairly well established and are of general use are included, 
most of these corresponding to the low-energy region. 


8h-1. Neutron Properties! 


Spin, 7/2 

Statistics, Fermi-Dirac 

Radioactive decay, half life = 12.8 + 2.5 min; mass difference Mn — My = 782 
+ 1 kev 

Magnetic moment wna = —1.913148 + 0.000066 nuclear magnetons 

Neutron mass, 1.008982 + 0.000003 atomic mass units (physical scale), (1.67474 
+ 0.00010) X 10-4 g, 939.526 + 0.024 Mev 

Compton wavelength of the neutron 

en = a = (1.31958 + 0.00004) K 10714 em 

Xen 
Qn 


= (2.10017 + 0.00007) X 10-14 em 


Aen = 


Nonrelativistic conversion formulas [EF = kT, \ = h/(2mE)?] 


| —4 
T (degrees K) = 1.16057 X 10‘H = 6.06607 X 10~%? = 2-49334 X 107 


2 a 

H (ev) = 8.6164 X 10-*7 = 5.22680 x 10-%2 = %17989 X 10° | 

v (m/sec) = 1.28394 X 10°T = 1.38319 X 104H} = sveo08 X 10" : 
d (em) = 3:08112 X 10-7 _ 2.86005 X 10-* _ 3.95599 x 10-5 
a ne rr 


For neutron with » = 2,200 m/sec 


T = 293.60 + 0.02°K 
A = (1.79818 + 0.00006) X 10-8 cm 
E = 0.0252977 + 0.0000006 ev 


1 Based on results of J. W. M. DuMond and E. R. Cohen, Revs. Modern Phys. 25, 691 
(1953). 
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8h-2. Neutron Binding Energies. The compound nucleus formed by addition of a 
neutron to a target nucleus has an excitation energy equal to the neutron’s binding 
energy B, (of the “last’’ neutron in the compound nucleus) plus its kinetic energy. 
As a result, B, is important in determining the excitation energy involved in neutron 
reactions. The binding energy of the last neutron in the nuclide indicated is tabu- 
lated in Table 8h-1, which is based on a compilation of neutron binding energies by 
N. Feather.! oe | 

8h-8. Types of Neutron Cross Sections. The various interactions of neutrons 
with matter are specified quantitatively in terms of cross sections, which give the 
probabilities of these interactions in a given neutron flux nz, 


Interactions per second = | Noy 


where Ni is sities uueabee of atoms present aad. o; is the cross sceton ifOE the interaction 
of type 7. Cross sections have the dimensions of area, the usual unit being the barn 
(= 10-%4 em2), with millibarns, microbarns, etc., also being used. 

Partial cross sections refer to specific processes, as neutron capture, scattering, 
etc., and the sum of all the possible processes is the total cross section or. The total 
cross section determines the diminution of a neutron beam as it traverses a sample; 
the ratio of the beam intensity after traversal to the incident intensity, or the trans- 
mission 7’, is given by 

sii = ENT 7k 


where z is the sample thickness and n the number of atoms per cm’. The differential 
scattering cross section do;/dw gives the probability that a neutron will be scattered 
in ‘a given direction, and the integral of do;/dw over 4m solid angle is the scattering 
cross section os. The transport cross section oi is related to the scattering cross section 
ot =o2(1 — Cos 6) 
where @ is the angle of scattering in the laboratory coordinate system. The activation 
cross section refers to the production of a specific radioactive isotope, usually as a 
result of the (n,y) reaction (neutron capture).. 

8h-4. Fast-neutron Cross Sections. The classification “fast neutrons” refers to a 
rather vague energy region, about 10 kev to 10 Mev. In this region, individual 
neutron resonances cannot be resolved in most heavy elements, and a cross section 
varying smoothly with energy is observed as a result. For the great majority of the 
fast-neutron cross-section work, total cross sections alone’ have been measured, 
although reactions and scattering have also been studied. As individual resonance 
parameters are not determined, except for the lightest elements, the data are not 
amenable to tabular presentation and the curves presenting the known results fill a 
large volume, ‘Neutron Cross Sections.” Several illustrative curves only for total 
cross sections are reproduced here. Figure 8h-1 for H issmooth because there are no 
resonances in the energy region shown. The curve for C (Fig. 8h-2) is smooth in the 
low-energy region for the same reason, exhibits resonances in the 1- to 10-Mev region, 
and is smooth at higher energy because of failure to resolve resonances. Iron (Fig. 
8h-3) is similar to carbon, but the characteristic features are moved to lower energies, 
and in U (Fig. 8h-4) the levels are so close that they are unresolved for the entire 
energy range shown. For those few resonances in the light elements for which reso- 


1 Advances in Phys. 2, 141 (1958). Additional pertinene information was derived from 
the nuclear data tables published in Nuclear Science Abstracts (through June, 1954); 
J. M. Hollander, I. Perlman, and G. T. Seaborg, Revs. Modern Phys. 25, 469 (1953); 
F. Ajzenberg and T. Lauritsen, Revs. Modern Phys. 24, 321 (1952); P. M. Endt and J. C. 
Kluyver, Revs. Modern Phys. 26, 95 (1954); J. R. Huizenga and L. B. Magnusson, ANL-5158 
(November, 1953); N. S. Wall, Phys. Rev. 96, 664 (1954). 
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suiog -4+.0 


E,-Mev 


Fig. 8h-4. Total cross section of uranium. 


TaBLE 8h-1. Taste or Nevrron BinpInG ENERGIES - 


H 


Li 


Be 


Na 


Mg 


Element 


He © 


Ne 


NEUTRONS 


A 


OOH WMAD OA wp 


N 


pei ee ea sees ee eke a a ee ele pot pet tf : 


bo 


0. 


DOT oO & NO oO 


bt QO OD et pet 
* QO+ «+ 
Hee 


1.45 
3.364 + 0.006 
13.38 + 0.10 
18.77 + 0.06: 
4.946 + 0.002 
8.169 + 0.004 
2.2+0.5 
20.45 + 0.10 
10.55 + 0.01 
10.832 + 0.008 


CO me ee on 


m= C WW 


6.755 + 0.008 
10.363 + 0.011 
5.190 + 0.008 
12.25 + 0.05 
6.953 + 0.007 
9.2+0.3 
16.59 + 0.02. 
7.334 + 0.007 
11.106 + 0.010 
6.440 + 0.008 
17.0 +0.4 
11.5 +0.2 
12.99 + 0.06 
7.724 + 0.006 
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TABLE Sh-1. TaBLE oF Neutron BINDING Enercises (Continued) 


Cl 


Ca 


Ti 


Element A 


i 


B,, Mev 


16.84 + 0.11 
8.468 + 0.008 
10.601 + 0.011 
6.590 + 0.007 
11.25 + 0.25 
12.1 +0.2 


et TE OOH OH THE TE ODOMHEH WH DARDOMD HE EOHNONE 
an warp RNyNonraie a) 


wo © 


QO 
~J 


8.10 + 0.05 
10.85 + 0.05 
6.34 + 0.07 
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TaBLE 8h-1. TABLE or NEUTRON BinpING ENERGIES (Continued) 


Z Element A N B,, Mev 
23 V 49 26 11.51 + 0.10 
50 27 9.07 + 0.10 
51 28 11.05 + 0.20 
52 29 7.305 + 0.007 
24 Cr 50 26 13.4 +0.2 
51 27 9.140.3 
ny) 28 11.80 + 0.25 
53 29 7.929 + 0.008 
54 30 9.716 + 0.008 
55 31 5.9+0.3 
25 Mn 52 27 10.5 +0.4 
53 28 12.0 +0.2 
54 29 8.94 + 0.10 
55 30 10.1 +0.2 
56 31 7.261 + 0.006 
26 Fe . 53 27 10.5 +0.3 
54 28 13.8 + 0.2 
55 29 9.298 + 0.007 
56 30 11.12 + 0.10 
57 31 7.639 + 0.004 
58 32 10.16 + 0.04 
59 33 6.4+40.3 
27 Co 58 31 90+0.3 
59 32 10.25 + 0.20 
60 33 7.486 + 0.006 
61 | 34 9.96 + 0.05 
28 Ni 58 30 11.7 +0.2 
59 31 8.997 + 0.005 
60 32 11.40 + 0.10 
61 33 8.532 + 0.008 
63 35 6.7+0.2 
64 36 9.66 + 0.03 
65 37 6.02 + 0.10 
29 Cu 61 32 10.6 + 0.2 
63 34 10.65 + 0.10 
64 35 7.914 + 0.004 
65 36 9.80 + 0.05 
66 37 7.1+40.2 
67 38 9.1+0.3 
30 Zn 63 33 9.0+0.2 
64 34 11.80 + 0.10 
65 35 7.876 + 0.007 
66 36 11.15 + 0.20 
67 37 7.0+0.2 
68 38 10.15 + 0.20 
69 39 6.3 40.3 
70 40 9.2+40.2 
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TaBLE 8h-1. TasLe or NEUTRON Binpinc Ensercises (Continued) 


Z Element A N B,, Mev 
31 Ga 67 36 11.2.4 0.3 
68 37 8.3 +0.3 
69 38 10.1 + 0.2 
: ae 71 40 9.05 + 0.20 
32 Ge 75 43 6.5 +0.3 | 
33 As | 75 42 10.2 +0.2 
| 76 43 7.30 + 0.04 
34 Se | 17 43 7.416 + 0.009 
78 44 ; 10.488 + 0.014 
79 45 7.90 +0.3 
80 46 9.35 + 0.20 
81 47 6.8 + 0.3 
82 48 9.8 +0.5 
35 Br 77 42 10.66 + 0.05 


79 44 10.65 + 0.20 
80 45 7.3+0.3 
. 81 46 10.1 + 0.2 
36 Kr 80 44 11.38 + 0.4 
- 85 49 5.95 + 0.05 
87 51 5.53 + 0.05 
88 52 6.8 +£0.3 
37 |. Rb 87 50 9.96 + 0.05_ 
: 88 51 6.0 +0.2 
: 89 52 7.4 +0.3 
38 Sr 85 47 7.5 + 0.3 
7 86 48 9.5+0.2 
87 49 | 8.438 + 0.01 
88 50 11.07 + 0.06 
89 51 6.55 + 0.10 
90 52 7.6 +0.2 
91 53 5.7 £0.2 
39 Yu 87 48 10.5 + 0.5 
a aA 88 49 9.4.4 0.2 
89 50 11.7 +0.2 
90 51 6.70 + 0.10 
91 52 7.80 + 0.10 
92 53 6.60 + 0.10 
|. 28 93 54 6.8 + 0.4 
40 | & 88 48 <12-3 
| | 89 49 >9.3 
90 50 11.840.2 
91 51 7.16 + 0.05 
92, 52 8.66 + 0.04 
93 53 6.65 + 0.05 
95 55 6.42 + 0.05 
97 57 3.7 40.4 
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TABLE 8h-1. Taste oF Neutron BINDING ENERGIES (Continued) 


Z Element A N B,, Mev 
51 Sb 121 70 9.25 + 0.10 
122 71 6.80 + 0.04 
124 73 6.6 +0.2 
125 74 8.62 + 0.10 
52 Te 122 70 >9.3 
125 73 6.48 + 0.07 
126 74 7.2 40.2 
53 I 127 74 9.10 + 0.20 
128 75 6.58 + 0.05 
55 Cs 133 78 9.05 + 0.20 
134 79 6.73 + 0.10 
137 82 Tl £03 
138 83 4.9+0.4 
56 Ba 137 81 6.8+0.2 
138 82 8.55 + 0.25 
139 83 5.2 + 0.3 
141 85 <5.2 
57 La 139 82 8.8 +0.2 
140 83 5.10 + 0.10 
141 84 6.93 + 0.15 
58 Ce =| 140 82 9.05 + 0.20 
141 83 5.50 + 0.15 
142 84 7.15 + 0.20 
143 85 5.09 + 0.07 
59 Pr 140 81 7.8 +0.3 
141 82 9.40 + 0.15 
60 Nd 143 83 5.02 + 0.08 
62 Sm 155 93 5.58 + 0.30 
73 Ta 181 108 7.55 + 0.20 
182 109 6.03 + 0.15 
74 WwW 183 109 6.25 + 0.30 
186 112 7.15 + 0.30 
75 Re 187 112 7.3£0.3 
76 Os 187 111 6.6 +0.3 
77 Ir 193 116 7.8 +0.2 
195 118 6.5 +0.3 
78 Pt 194 116 9.5+0.2 
195 117 6.12 + 0.08 
196 118 | 8.2+0.2 
197 119 <6.5 
79 Au 197 118 8.0+0.1 
198 119 6.35 + 0.15 
80 Hg 201 121 6.3 +0.2 
81 Tl 203 122 8.80 + 0.20 
204 123 6.52 + 0.15 
205 124 7.60 + 0.20 
206 125 6.16 + 0.15 
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TaBLe 8h-1. Taste or Neutron Brinpinc ENERGIES (Continued) 


Z Element A N B,, Mev 
81 Tl 207 126 6.79 + 0.03 
208 127 83 + 0.03 


82 Pb 205 123 


209 127 87 + 0.05 

210 128 5.24 + 0.06 

211 129 3.78 + 0.04 

212 130 5.17 + 0.03 

83 Bi 209 126 7.44 + 0.05 
210 127 4.67 + 0.06 

211 128 5.10 + 0.04 

212 129 4.38 + 0.02 

213 130 5.07 + 0.12 

214 131 4.24 + 0.12 

84 Po 209 125 6.65 + 0.18 
210 126 7.66 + 0.10 

211 127° | 4.55 + 0.03 

212 128 6.01 + 0.03 

213 129 4.31 + 0.05 

214 130 5.91 + 0.06 

215 131 4.10 + 0.04 

216 132 5.78 + 0.03 

At 215 130 5.90 + 0.06 
216 131 4.59 + 0.06 

217 132 5.86 + 0.12 

218 133 | 4.6440.14 

Em 216 130 6.66 + 0.08 
217 131 4.58 + 0.07 

218 132 6.55 + 0.07 

219 133 4.40 + 0.05 

220 134 6.33 + 0.03 

Fr 219 132 6.46 + 0.08 
220 133 5.22 + 0.07 

221 134 6.25 + 0.12 

Ra 220 | . 132 7.19 +0.11 
221 133 5.32 + 0.08 

222 134 6.75 + 0.08 

223 135 5.17 + 0.10 

224 136 6.43 + 0.10 

225 137 5.07 + 0.13 

226 138 6.33 + 0.14 

227 139 4.56 + 0.16 

228 140 6.10 + 0.11 
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TABLE 8h-1. TaBLE oF NEUTRON Binpine Enerares (Continued) 


Z Element A N Bra, Mev 
89 Ac 223 134 6.79 + 0.10 
224 135 5.70 + 0.09 

225 136 6.62 + 0.138 

226 137 5.48 + 0.15 

227 138 6.58 + 0.13 

228 139 4.84 + 0.10 

90 Th 224 134. 7.62 + 0.11 
225 135 5.89 + 0.08 

226 136 7.03 + 0.09 

227 137 5.44 + 0.10 

228 138 7.05 + 0.10 

229 139 5.48 + 0.138 

230° 140 6.68 + 0.14 

231 141 5.18 + 0.16 

232 142 6.20 + 0.04 

233 143 5.16 + 0.11 

234 144 6.01 + 0.14 

91 Pa 227 136 7.144 0.11 
228 137 6.08 + 0.09 

229 138 7.03 + 0.13 

232 141 5.28 + 0.10 

233 142 6.95 + 0.15 

234 143 5.38 + 0.14 

235 144 5.90 + 0.15 

92 U 228 136 7.73 + 0.13 
229 137 6.15 + 0.09 
230 138 7.61 + 0.09: 

231 139 5.83 + 0.12 

232 140 7.20 + 0.12 

U 233 141 5.97 + 0.14 
234 142 6.74 + 0.14. 

235 143 5.37 + 0.15 

236 144 6.29 + 0.04 

237 145 5.45 + 0.12 

238 146 6.03 + 0.13 
239 147 4.87 +0.13 0 

240 148 5.77 + 0.30 

93 Np 236 143 5.61 + 0.10 
237 144 6.91 + 0.16 

238 145 5.19 + 0.14 

239 146 6.41 + 0.15 

240 147 4.83 + 0.30 

94 Pu 235 141 6.18 + 0.14 
236. | 142 | 7.30 +0.14 

239 145 5.71 + 0.15 

240 146 6.28 + 0.05 

5.55 + 0.12 
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TaBLE 8h-1. Taste or NEutTROoN BINDING ENERGIES (Continued) 


Z Element A N B,, Mev 


94 Pu 242 148 6.06 + 0.14 
243 149 5.15 + 0.15 
95 Am 242 147 5.41. + 0.14 
243 148 6.44 + 0.15 
96 Cm | 243 147 5.72 + 0.15 
244 148 6.51 + 0.07 


nance-level parameters have been determined, the results are given in Sec. 8h-5, 
although they refer to the ‘‘fast-neutron’’ rather than the ‘‘resonance-neutron”’ 
energy region. 

- 8h-5. Resonance Cross Sections. The neutron energy region in which individual 
resonances can be resolved varies from nuclide to nuclide, but for all but the lightest 
elements it is about 1 ev to 10 kev. In this energy region only J = 0 interactions are 
appreciable and the analysis of resonances is thereby simplified. The scattering and 
capture characteristics of the resonance level are given as functions of the neutron 
energy # by the Breit- Wigner single-level formulas for scattering and neutron capture: 


P,/2 | : 
o.(£) = ate FET + nae 
oy(E) = wo «(FZ *) (E — gt - (E — Fy)? + (1/2)2 
PST) tT, + TI, cen 
5 (oy +. J= It + 5 (for 1 = 0 eee 


Here I'y, Pn, etc., the ‘‘resonance parameters,”’ are the radiation, neutron, etc., widths 
of the nuclear energy level corresponding to the neutron resonance, and IL is the total 
width, related to the lifetime of the state tp) by tf) = %/T. The cross sections for the 
(n,p), (n,a), etc., reactions are the same as oy, with p, a, etc., substituted for y. The 
neutron width is the value at the resonance energy Ey (Ao is the neutron wavelength /27 
at resonance), J is the spin of the target nucleus, of radius R, and J is the spin of the 
compound nucleus. For incoming neutrons of angular momentum / greater than 
zero the factor g is unknown in general because of the various l’s that can produce a 
given J. Because neutron widths are proportional to velocity, it is often convenient 
to list T°, the neutron width reduced to its value at 1 ev, 


hs 


i 


-For an actual sample, the resonance has an observed width greater than T because 
of the temperature motion of the atoms. This motion produces a resonance spread 
that is gaussian with a width A given by 


where m/M is the mass ratio of neutron to nucleus and T is a temperature slightly 
greater than the actual sample temperature.’ 


1W. E. Lamb, Jr., Phys. Rev..55, 190 (1939). 
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In Tables 8h-2 (light elements) and 8h-3 (heavy elements) the parameters are listed 
for those resonances for which at least Eo and I, are known. Because the neutron 
width is much larger than the radiation width in light elements, the latter is very 
seldom known; partly as a result of this fact, however, the neutron angular momentum 
1 and the level spin J can often be obtained. For many of the heavy elements I, 
can be obtained if I'y, which is usually much larger, is approximately known. As 
the dependence of I’, on I'y is often weak in these cases it is usually sufficiently accu- 
rate to use an average I'y for the particular nuclide in obtaining the I,’s of individual 
levels. The average I’, indicated in the table is obtained either from the individual 
I,’s of resonances of the nuclide itself or from neighboring nuclides. The error 
quoted for I, includes the error resulting from the uncertainty in fixing this aver- 
age I',. An additional error in I, arises because J (hence g) is usually not known; 
this error, which is not included, is largest for J =}, negligible for high J, and zero 
for I = O(g = 1). For the few cases where J’s (hence g’s) are known, they are 
included. 

8h-6. Thermal Cross Sections. Thermal neutrons are those in equilibrium with 
a moderating material, such as graphite or water, usually at or near room tempera- 
ture. The velocity distribution of the neutrons is then Maxwellian, | 


dn = 4n prem (v/va)® dy 


J? 
where dn is the density of neutrons in the velocity band dv, the flux being given by 
Jnv. The velocity vo is the most probable velocity and the energy corresponding to 
vo = 2,200 m/sec is 0.0253 ev, or a wavelength of 1.80 A (see Sec. 8h-1 for exact 
values). 

The wavelength of thermal neutrons is convenient for observation of such optical 
phenomena as diffraction and refraction. In neutron optics it is necessary to con- 
sider the coherent and incoherent parts of the nuclear scattering cross section, the 
incoherent part arising from isotopic and spin-dependent scattering. For the two 
types of scattering, the coherent and incoherent components of the cross section are 
given by 


Isotopic incoherence (for two isotopes, of abundances f, and fz and cross sections 
C1 and o2): 

Scoh = (fioit + foot)? 

Cine = Sife(oi? — 024)? 


epi opera ae. incoherence (for target nucleus of spin J, and cross sections 4 and 
o— for the J + 3 and I — 4 compound states): 


_f{iti 
Feobe ROP 4] o4t + oT + at) 
(21 +1 


The coherent scattering cross section determines the index of refraction of a non- 
capturing medium for neutrons, 


uw? — 1 = +2N%2(rocon)* 


where WN is the number of nuclei per cm? and the minus sign corresponds to a positive 
amplitude (hard-sphere scattering). Presence of neutron capture (written o 7) modi- 
fies the index slightly and adds an imaginary component 


weo-l= nat | + (Aro. = a + 
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TaBLE 8h-2. RESONANCE PARAMETERS OF LicHt NUCLEI 


Isotope I Eo, kev J l Tn, kev 
Hel icbignerineta att “0 1,150 + 50 3 1 1,400 + 200 
ee en ee 1 248 + 4 3 1 r90 + 10 
| r, 60 + 15 
Ta 30 + 10 
As enh tec neinas | 258 +3 3 1 35 + 5 
Be? 3 620 + 10 3 1 2544 
810 + 10 2 1,2 8 +3 
BE ides oe Sse eh be 3 430 + 10 2 1 40 +5 
1,260 + 20 3 2 140 + 20 
1,780 + 20 1 1,2 60 + 20 
2,450 + 20 2 1,2 120 + 40 
| 2,580 + 20 3 1,2 60 + 20 
(Ck ecaeaaenecasl 0 2,080 + 10 >3 | 21 <il 
2,950 + 20 3 2 60 + 20 
3,650 + 20 s 0 1,200 + 400 
PN ak teeta ol 430 + 5 >s | 21 T, <3 
rT, <0.01 
495 +5 Tp <10 
: Tr, <3 
639 + 5 + 0 Tn, 34 +4 
T,9+3 
998 + 5 $ 0 T,45 +5 
r,0.8 +0.3 
1,120 +6 5 1,2 Tn 19 +3 
| r, 0.20 + 0.12 
1,188 +6 >s >1 T, <2 
Tp <0.1 
1,211 +7 z 1 Tr, 12 +42 
r,0.4+0.2 
1,350 +7 2. 1,2 Yr, 21 +4 
rp 1.0 + 0.6 
140148 | $ 1 Tr, 42 + 10 
T,10 +3 
Ta 2 1 
1,595 +8 - ic? Yr, 21 +3 
r,0.4+0.2 
Ta 0.20 + 0.15 
1,779 + 10 s 1, 2 Tn, 18 +4 
Tla6 +2 
rp 0.20 + 0.15 
SON easy conte cueet 0 435 + 5 = 1 40 +4 
1,000 + 10 3 2 100 + 10 
1,320 + 10 2 1 385 +4 
1,660 + 10 >$ >1 <7 
1,840 + 10 >¢ >1 <10 
1,910 + 20 z 1 30 +6 
2,370 + 20 5 0 140 + 50 
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TaBLE 8h-2. RESONANCE PaRameEteEeRS oF Licut Nucter (Continued) 


Isotope I Ey, kev J l Tn, kev 
GOPO oceania Weteset 3,330 + 30 3 2 220 + 40 
| 3,800 + 80 3 1 800 + 200 
4,400 + 40 5 1 280 + 80 
gH he aeat aed = 28 +1 >1 >1 <1.0 
50 +2 >1 >1 <2 
100 + 2 1 1,2 13 +3 
275 + 10 25 + 10 
340 + 20 200 + 100 
420 + 10 25 + 15 
510 + 10 25 + 15 
590 + 10 | 25 + 10 
(NG tie esas 3 2.9+0.2 2 0 0.24 +0.12 
| 55 + 3 <5 
204 + 3 1 1 5 +2 
217 +3 0 1 14 + 10 
243 +3 12° 742 
297 +3 1 0 4.0+1.0 
396 + 4 0,1 1 23 + 3 
451 + 4 1 1,2) 9+83 
542 + 5 1 0 39 +7 
602 + 4 >1 6+4 
710 +7 >5 72 + 10 
784 +5 >2 38 +6 
914 +5 >3 36 +5 
988 + 5 >1 24 + 10 
MM G44 con zatidagt ead 0 85 + 3 3 1 13 +3 
275 + 8 $ 1 80 + 20 
430 + 5 = 1 30 + 10 
ALT ieee theta scass 2 35 + 2 3 0 | 1.2+0.5 
90 +4 3 0 742 
CS) he 0 195 +6 2 0 60 + 10 
| 570 + 5 _ 1 15 +5 
169°? 0 111 +2 $ 0 eg 3 
203 + 2 >1 < 
274 +2 >1 <3 
290 + 2 >1 |. <3 
375 +3 $ 0 12 +2 
585 + 3 eo 1 1.4+40.5 
700 + 4 5 0 14 +3 
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TABLE 8h-3. RESONANCE PARAMETERS OF Heavy NUCLEI 
Isotope | J Eo, ev Ty, mv* Tn, MV Tn°, mv 
2sMnss SSO te oii setet cee’ (22 + 4) X 103 1,200 + 200 
1,080+ 30 |........... (16 + 5) X 103 500 + 200 
2,360 + 100 | ........... (340 + 30) X 103(J = 3) | 7,000 + 600 
270.059 $418242 | ....ce..e.. (4.9 + 0.7) X 103 430 + 60 
os Nis? 0 |4,200 + 1,000 | ........... (1,300 + 400) Xx 103 (20 + 6) X 103 
wZn64 0 42,750+ 100 | ........ (70 + 10) X 103 1,300 + 200 
4,600 + 300 | ........... (60 + 30) X 103 900 + 400 
30 Zn? § 1226543 f........... (1.3 + 0.2) * 103 87 + 13 
455 +10 | ........... (13 + 3) X 103 610 + 140 
1,620+ 70 £|........... (19 + 9) X 103 500 + 200 
{2,300 + 100 |........... (29 + 15) X 103 600 + 300 
302088 O 1530411 |f........... (10 + 2) X 103 440 + 90 
s2Mo%® § (45.6 + 0.6 210 + 60 174 + 10 26.0 + 1.6 
W624 Wee ee ecens 13.6 + 1.9 1.1+0.2 
570 +30 | ........... 120 + 60 5 +3 
700+ 40 | ........e.. 740 + 130 28 + 5 
s2Moo 0 | 133 + 2 26.0 + 60 200 + 15 17.34 1.3 
a2Mo*% a eee eee 260 + 80 
71.5 + 1.2 330 + 80 16.6 + 1.8 2.0+0.2 
BOQSE TO Sad hu arenas 75 + 15 4.4+0.9 
406417 | ........... 80 + 40 4+2 
580 +30 | ........... 670 + 130 28 + 6 
a2Mo%8 Oli) cacinaenn deere’ 260 + 80 
480+ 20 | ........... 740 + 110 34+ 5 
42Mo100 On nteeh eee OY Jeet 260 + 80 
S67 BAG:  °  ~ P eaeSdaeuds 1,000 + 120 52 + 6 
URUT | ee | Soke ee 150 + 50 
9840.2 | ........... 0.8 + 0.3* 0.26 + 0.09* 
16522023 fl bd depaweee 1.1 + 0.4* 0.28 + 0.09* 
24.1405 | ........... 2.2 + 0.8* 0.45 + 0.15* 
40.9+0.8 | ........... 7+ 3* 1.1 + 0.5* 
awRhies,..| 4 | 1.260 + 0.004 | 155 + 5 0.76 + 0.04 0.68 + 0.04 
7 ce re 140 + 30 
16.60 + 0.15 170 + 30 4.8+0.5 1.20 + 0.12 
42.4406 |[........... 9+2 1.4+0.3 
45.4406 | .i.......... 1.2 = 0.3 0.18 + 0.04 
52.2 + 0.6 120 + 30 34 + 4.8+0.6 
wAgi...| 2 15.120 + 0.010 | 136 +6 (13.4 = 0.6) (J = 1) 5.9+0.3 (J = 1) 
30.9 + 0.3 100 + 30 11+2 2.0+0.4 
40.8+0.6 | ........... 842 1.2 + 0.4 
56.8.4°0:9° | aadakdeueds 20 + 5 2.7 + 0.7 
(2029.22 Winuseteua sy 43+7 5.1+0.8 
86.54 1.5 | ........e., 6.0 + 1.5 0.65 + 0.16 
asCd18,..{ 4 | 0.178 + 0.002 |113 +5 {0.65 + 0.02 (J = 1) 1.50 + 0.05 (J = 1) 
aInta,..| § | 1.80 + 0.03 avg 80 + 20 | <0.1 
OTD ec OC08 Nl eee 0.104 + 0.016 0.048 + 0.007 
14.7+0.1 60 + 20 7.7+1.0 2.0+0.3 
CLT a0 4 eeeites 4.4+0.9 0.95 + 0.20 
25.2 + 0.2 110 + 40 9.7+1.6 1.9+0.3 
32.65 4°0:4 ff ascclhaseves 8.5 + 1.0 1.49 + 0.18 
45.6+0.6 | ........... 4.741.2 0.69 + 0.018 
aol gel OA rea cad aetkets ave 77 + 15 
1.458 + 0.003 |72 +2 3.36 + 0.10 2.78 + 0.08 
3.86 + 0.02 81 + 4 0.318 + 0.015 0.162 + 0.008 
9.10 + 0.09 80 + 40 1.738 + 0.17 0.57 + 0.06 
*1mv = 1078 ev. 


+ The resonances have not been identified with a particular isotope, and as a result the neutron widths 
listed are actually aI'n and aI,®, where a is the abundance of the isotope. 


8-148 


NUCLEAR PHYSICS 


TABLE 8h-3. RESONANCE PARAMETERS OF Heavy Nucue1 (Continued) 
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TapiE 8h-3. RESONANCE PARAMETERS OF HEAVY Nucuxl (Continued) 


Isotope 
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+ The resonances have not been identified with a particular isotope, and as a result the neutron 


widths are actually af'n and aI,°, where a is the abundance of the isotope. 
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TABLE 8h-3. RESONANCE ParRAMETERS OF Heavy NUCLEI (Continued) 


Isotope T,n°, mv 
TY. Oe 
0 15.6 + 0.4 (J = 2) 7.1 +4 0.2 VJ = 2) 
te O27 i Mae eee eke <10 
6+ 1.0 170 + 80 110 + 20 144+3 
2a Pee |e ee Swale eins 15+ 5 1.74 0.5 
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Tee oes 8t4 
ae . ‘iP eevivedeane Dag 4+ 2 
30 Hg 198... 1.20 + 0.10 
soHg”?,.. : : 13.4 +4 1.0 
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040.2 30 + 10 0+ 0.4 0.43 + 0.08 
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SP SEOeS «Wee weaken 40 +8 4.7+0.9 
1 nn (ee ee 10 +4 0.9 + 0.3 
Bi Melee dy Suda na 27 +6 2.44 0.6 
eS J) dasa eee 11+ 5 0.9+0.4 
Ne ee tasted 15 + 6 1.24 0.5 
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+h | aiesaeeee es 30 + 14 2.1+ 1.0 
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sy nn oe ee 1.44 0.7 
Ee; [rea eae ae 3.3 +4 1.0 
ee ° nn Serer eee ee 6.0 + 1.6 
92U 234, 2.0+ 0.4 
p90 288, cet OF) 22 Paes See Heda 
0.59 + 0.03 
1.94 + 0.11 
5.38 + 0.3 
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ES Pe ae 6.6 + 0.9 
hg Be delle Tone ag 1.44+0.2 
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ee ere: 0.31 + 0.16 
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osNp287...] 3 | wee eee ee ee eens 
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oe, Saiese nae . 10.030 + 0.006 0.026 + 0.005 
whan detain doer st 0.16 + 0.04 0.13 + 0.03 
g4Pu24o... 3.2+1.4 3.14 1.4 
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TaBLe 8h-4. RESONANCE PARAMETERS OF FISSIONABLE NUCLEI 
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Isotope 
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76 + 0.03 
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29 + 0.01 
.12 + 0.02 
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86 + 0.07 
17 + 0.02 
60 + 0.02 
85 + 0.05 
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9+0.2 
2+0.2 
4+0.1 
bet. 1 
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3+ 0.2 
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8+ 0.2 
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296 + 0.004 
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.387 + 0.02 
.007 + 0.001 
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.027 + 0.003 
024 + 0.002 
017 + 0.009 
.016 + 0.008 
.13 + 0.01 
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.02 + 0.01 
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The various types of thermal cross sections are listed in Table 8h-5 for all but the 
heaviest elements, which (to the extent available) are in Table 8h-6. ‘‘ Reaction 
cross sections’’ apply to all cross sections except scattering, and because the former 
are strongly velocity-dependent, they are quoted for 2,200 m/sec neutron velocity. 
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Fig. 8h-5. Attenuation of neutrons. This figure gives the attenuation of neutrons in concrete 
and water at energies 1, 6, and 100 Mev. The 6-Mev curves can be taken to apply to 
fission neutrons because this is their effective energy for shielding purposes even though 
much higher than the average energy of fission neutrons. The concrete is of density 2.3 
composed of 4 parts limestone gravel, 2 parts sand, and 1 part Portland cement, and is in 
the cured state. Its composition is approximately 70 per cent oxygen, 15 per cent silicon, 
and 15 per cent calcium. The intensity unit refers to the decrease in relative dose rate for 
an incident beam of parallel neutrons, although the intensity unit can be considered as 
roughly equivalent to neutron flux as well. The equivalence of dose rate received from 
neutrons and neutron flux is a result of the fact that the dose rate received from fast neu- 
trons does not vary rapidly with neutron energy in the region of afew Mev. The tolerance 
dose rate is a flux of about 38 neutrons per cm? per sec for a 40-hr week at 2.5 Mev and 26 
at 10 Mev, for example. The curves take into account the build-up of neutrons of lower 
energy as the fast neutrons are moderated. 


For those reaction cross sections differing greatly from 1/v (marked ‘‘not 1/v’’) a factor 
is given that, multiplied by the quoted cross section, gives the value appropriate for 
a Maxwell distribution—for all others the factor is unity. The ‘“bound-atom”’ cross 
section listed after o,o, is obtained from the measured free-atom cross section by use 
of the reduced mass factor; the difference between it and oeoh giveS cine. The average- 
scattering cross section (averaged over the Maxwell distribution) is listed as @,. 


NUCLEAR PHYSICS 


8-170 


~ FOL = ©; 800°0 + #81°0 2 


(oe8/u1 00Z'Z) 2°0 FES = 1% — 10! (66°0 X A/T 3OU) 


(+) $°0 F0°6 = 19) = 720'0 F VET u 
(90s/Ut Q0Z'S) 
2°0 FOS = 81%9 — Lo 
(+) 9°O FS8'°ST = 1% 
‘OFOZ= (+,) oD 
: AT+V 
7m ‘kh ‘a 


SUOIJIOS SSOID ZULIOZZBIE 


8 + 08¢ 


¢9°0> 

OI + €&¢ 
02 +08 
o00e + OOF 
Ol + GZ 


90°0 81°F 
000‘¢> 
oo¢> 


T'O> 
OOT + 002 


uUIBqUI G F OT 


ose + 00S'T 


ulequ QT > 
02> 


uisqu Z°0> 
ulequ [> 

It + St 
Z°0> 

000‘T + 00S'T 
o> 

o> 

arequl T°0> 


ooI> 


ID 


G F LOT ‘savodk ,OT X OFS 


x01 F ZZ ‘s1Ba4 OT X T 
ZF ZG ‘siwok sOL X ZG 
*00Z F 00€ ‘s1v04 sQT X 39° 


es eaves ee er ee 


L 
3 
T 


> F 02 ‘14.29 
9 F OF ‘Ula QI 'T 
*0& + 0G ‘Shep %°1Z 


«90 FST ‘UI OTS 
«002 F OOF'T ‘SABP 1° FZ 


bO FLL ‘UI ges 
*Ol F Ee ‘IG 9°CZ 


eee ene eee e@ eee ee eee ese ee sive ee ee ees 


os + 0%¢ ‘14 §1'9 

«G F 9g ‘UIGI OT> 

«& F 0g ‘Ulu Z° TP 

«SO F ZI ‘SABp 8°FT 
«0% F OSI ‘Shep 79'S 
*Z0°0 + 32°0 ‘SABP ZIT 


ZO8 pO 


(008 /UL 00Z‘Z) SUOTZOOS SSOID UOTPOBVIY 


*Z'O> ‘998 OF 


- L F189 


L¥2 
OL F ggg 


eeeeevee eee 
enrer ee es eee we 


oer eer evreeeee 


40°0 #89°2 


oe eevee eooneae 


° 
« 
° 
. 
. 
° 
° 
o 
. 
e 
. 


b°0 FO'L 
ZF Lz 


oe eve ere vees 


OF + OTS 


aonvreecewve ee 


(66 Ox Q8 SENENAIY) SNOILOGG SSOUD IVWUTHY, “9-4g TIAVYE 


(sre04 sQT X T° L) 
(FIL O)sezN 
(e104 sQT X ZS°Z) 
(L900 'O)seN 
(s1vod sO X ZO Tees 
(s1v9h 2f)sec 
(8ABP E°F)tezN 
(sAUP 8°OZ)oezN 


(mq 2°9) (ZN) 
(ura 8T'1) @XA)ree8d 


(sABp F° LZ)eezBd 
(SABP TE‘ T)eee@d 
(s1v94 501 X F°S)rezBd 
(sAvp ¢° Li)osze®d ore “Bde 
(SABP 1° FZ) vee, 
(lu §° S)ecoU.L 


(e180 


o1Ol X 68° 1) (OOT) eee OL 
(sie9d 501 X O° 8)oes GL 
(siwok sQT X €° L)eze4L 
(sivod Q6° T)sezU.L 
(SABP Q°ST)z2ezGL |” Ads 
(sivoA ZZ) izz9V | °° °° OVes 
(savod 1° 9)gczBY 
(srv90k 0Z9‘T )oceBY 
(sABp $9" €)scsBY 
(sABp ZL L)ezeBY |°° “8 Uss 
(shep ES" €)seeIY 
(998 FG)ozzUY {°° UUs 


(EE ‘%) edozosy quoule[y 


8-171 


_NEUTRONS 


*SUOIJNEU OI » 


. *GIT >| oot 19266 


OL + OOL a eee ees 29266 nena 3; ) 
eae Ser oe ser 
201 FO, oC ea (s1B04 %°Z)zezJO 
20001 F OOS'T} CCCCTT (1824 QT) oez3O | 
*00% F009 #001 FOL *00% F 006 ord] °° JOs6 : 
#002 + 00¢| +008 a oor I (Shep 062 )ore4d | °° “Has 
xOL FST] CCC (1894 000‘'Z) oO 
008 ¥.008'T *x00T F002 ‘81804 9000'S} °° °°" vey (81894 00G<)er2tID 
#01 FT ‘srwak gog¢< | mary (srvak Z°61)y2WO 
*xOST ¥ 09% ‘s1804 Z°6T +008 ¥ oos (s1va4 1° CS)ezWO | 
| _ ¥g> | +01 FOS) (SABp G°ZOT)evzWIO | 
000‘01 F 000‘0Z CC oo . eo (SABP £Z)orzeWO =" WOps : 
*SZ> +08 + ogT * ‘urUr 1 go~ pare a (sivok eQT X 8°S)exzUIV 
*000‘T ¥ 00¢‘E a soe ee tae ais *000'T + ¥ 000° 8 (siBah O0S)22UV 
000'T + 00¢‘Z oe eve eee eee ese ry ee . eee ee © | 8s we ww oe * ° (14 8°SlecWy | 
(s1BaA OOS <— IY 8°ST %0Z) | 
#09> ‘svat 00S | 
2°70 F2°E *002 F O0OZ ‘14 8°ST os F 09 (81804 QZF)1sWY | °°“ UrVo5 | 
#OST F 096 ‘Sep Zit] oc (4OT) aNd 
x09 FOOT ‘reed (QT< | “°°” sete (14 86° P)evzNg 
*OT #08 ‘IN 86°F] Cc (81804 sQT X G~)zrzeNg 
*00T F OOTT «09 F OG F O8€ ‘s1Bad sQT X Gw ttt ttt (s1voA 6° Z1)ieNd 
*x0> 0S F OLG ‘savat 6°ZT (s1Boh sOT XK 9° 9)orzNg 
¥0'0 F 88°34 
£0'0 ¥ £0'¢& 
¢°0 #9'6 = £0°0 ¥ 2F'0 2 SI Fo0¢Z OI FTE ‘srv9h sOT X 9°9 I : 290' T (s1@04 yO X FP Z)eeeNg 
2 +8I x02 F O8F ‘81804 501 X PRS] CC : (s1v0oA 9°68)se2Ng | ** ‘Nd yg 
. ¢> #02 F 08 ‘urUL a2 A ants (shep §°Z)eezON 
. OOT F 009'T oe ee ere see eee oee re ee a a ey oe (SABP OLS) sezdN 
urequi g + 61 OZ ¥ OLT skep ors 02 F OLT) (e104 SOT X B°S)iseIN 
901> Cr ee eoseevee ° (1G ZZ)oez dN 
00g + 006 ee a . . ees (SABP FF) rezdNn "°° TNeg 
8 FSI a9 FOS ‘IQ LT] eek (WIUT G°EZ)eeeN 
| (s1B9ah OL X 0¢'F) 
urequi ¢°Q> o'0 F8'°g ‘UIM Ges; F0'°0 FSL°% (8° 66)s0 
+ + 6 ‘shep 1°9 @ +9! (e1B04 OT X OF Z)oceN 


8i. Particle Accelerators 


EK. H. KRAUSE 


Aeronutronic Systems, Inc. 


PARTICLE ACCELERATORS—DESCRIPTIONS 


8i-1. Electrostatic Accelerators. The acceleration of protons with high voltage 
was first accomplished by J. D. Cockcroft and E. T. S. Walton in England in 1929. 
Using a voltage-multiplier device, they obtained protons of energy up to 0.38 Mev, 
and two years later with about half this energy they accomplished the first disintegra- 
tion of the lithium nucleus. At about the same time, R. J. Van de Graaff developed 
his accelerator, the first apparatus constructed attaining 1.5 million volts. 

Today, there are approximately forty small accelerators using voltage multipliers 
and over one hundred Van de Graaff machines in physics laboratories throughout 
the world. The Cockcroft-Walton types are mostly of about 1 Mev energy; the 
most numerous Van de Graaff accelerators are commercially manufactured machines 
of 2to 3 Mevenergy. There are about ten Van de Graaff machines larger than 5 Mev 
in the United States and Europe, the 8.5-Mev machine at MIT being the largest. 

Regardless of the source of high voltage, all these machines accelerate particles 
through a long tube by the potential difference between a high-voltage terminal at 
one end and a grounded shield at the other. The high potential is either plus or 
minus depending on the type of particle to be accelerated. A source of ions, or elec- 
trons, injects the particles by some focusing method at the high-potential end and 
they are accelerated to the target by the grounded electrode at the opposite end. 
They gain energy from the electrostatic field as a fall from terminal potential to zero 
potential. 

The tube, usually made of glass, porcelain, or similar material and evacuated, must 
be long enough to eliminate spark discharge between the ends. Most accelerator 
tubes contain alternate conducting sections (metal plates with holes in the center) 
so that the potential gradient can be distributed along the length by external resistors. 

The simplest, but a limited, method of obtaining high potential is a standard trans- 
former and diode-rectifier combination. Higher voltages can be obtained by the 
voltage-multiplier arrangement of Cockcroft and Walton (C-W) and by the electro- 
static sphere and belt method of Van de Graaff (VdG). The Cockcroft-Walton 
voltage multiplier utilizes a bank of condensers and vacuum-tube or selenium rectifiers 
connected as a series of voltage doublers. By using an a-c source of 400 cps or higher, 
very compact high-voltage supplies can be built. This high-voltage system has the 
advantage of simplicity, with no moving parts. The transformer and C-W types of 
supplies are usually operated at atmosphere pressure in the open laboratory. Cock- 
croft-Walton type accelerators can supply fairly large ion currents at a constant 
energy and are very useful in work requiring particles of no more than 1 Mev energy. 

In the Van de Graaff electrostatic machine (ref. 14), the terminal is charged by 
means of a fast-moving belt which, after having charges sprayed onto it at the ground 
end from a d-c source of about 20,000 volts, travels into the high-potential terminal 
where the charge is drawn off and transferred to the surface of the ‘‘sphere.” Com- 
pared with about 1 million volts obtained from the voltage-multiplier arrangements, 
the Van de Graaff method can produce potentials of several million volts. The higher 
voltages are obtained by pressurizing the high-voltage system with an inert gas, 
breakdown potential being proportional to the pressure up to about 6 atm. Adding 
small percentages of carbon dioxide and/or freon increases breakdown potential, 
although gases like freon can cause severe corrosion problems resulting from the 
breakdown of the freon during discharge. 
: 8-172 
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The continuous, high-intensity, monoenergetic beam from electrostatic accelerators 
is advantageous for many types of nuclear research as well as therapeutic and indus- 
trial applications. Also, the output energy can usually be adjusted up to the maxi- 
mum of the machine. However, accelerators which produce their full energy by one 
single drop in potential are limited to a few Mev. Higher energies must be obtained 
from machines which impart repeated accelerations to the particle. | 

8i-2. Cyclotron. . In this section the standard cyclotron and the synchro (or FM) 
cyclotron are discussed separately. In Table 8i-2 all types of cyclotrons are listed 
by location. | | | : 

Standard Cyclotron. E. O. Lawrence and N. E. Edlefson reported the cyclotron 
principle in 1930, and in 1931 Lawrence, with M. 8. Livingston, made the first experi- 
mental machine. This original cyclotron accelerated protons to an energy of 0.08 
Mev. Most of the standard cyclotrons operational in 1954 (nearly 40 throughout 
the world) attain energies of the order of 10 Mev for protons. | 

Practically all cyclotrons are positive-ion accelerators. ‘The ions are introduced 
at the center of a gap between two flat semicircular boxes or “dees.” These evacuated 
chambers are positioned so that the entire circular area is between the poles of a 
constant-field magnet. The chambers are connected across the output of an r-f 
oscillator. Acceleration starts when the r-f potential attracts an ion across the gap 
into one of the chambers. Within the field-free chamber the principal force on the 
ion is the perpendicular magnetic field; so it drifts in a half-circle path. At the 
instant it emerges again into the gap the r-f field reverses, the ion is accelerated into 
the opposite ‘‘dee,” and again it travels a semicircular path of a larger radius. The 
ions thus move in an increasing spiral gaining energy (velocity) at each turn until 
they reach a maximum at the outer periphery. Targets can be placed inside the 
“dees,” or magnetic or electrostatic ejection devices can be used to bring the ion 
stream out of the chamber. 

The “‘standard”’ cyclotron is based on the Larmor principle that the time for the 
ion to traverse each semicircular path is constant. This fact, which permits using a 
constant-frequency r-f oscillator, results from the basic relationship between the 
magnetic and centrifugal forces acting on a charged particle in a magnetic field: 

Hev = me (81-1) 
where # is the field strength, e (in emu), v, and m are the charge, velocity, and mass 
of the particle, and r is the radius of the circular path in which it moves. 

For any one path the radius is | | 


mv 
| r= (Si-2) 

‘and the time to traverse it is | 
| T = = 7 (8i-3) 


[a | (8i-4) 


Since H, e, and m are constant, the orbit time 7’ and the angular velocity are constant, 
provided »v is small compared with the speed of light. 

It is apparent from Eq. (8i-4) that the frequency of the r-f oscillator must be 
matched to the field and to the mass/charge ratio of the particle. Thus a cyclotron 
designed for protons requires an oscillator frequency of twice that for deuterons or 
alpha particles of the same energy. The design choice determines the energies 
obtainable from the basic particles. The kinetic energy on ejection is 
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~ 9 m | a 
H?R? e2 7 a (8i-5) 


where R is the radius of the outer orbit. If H and R are kept constant, E is propor- 
tional to e?/m and protons and alpha particles acquire the same energy and deuterons 
one-half that amount. If oscillator frequency is kept constant, £ is proportional to m 
and independent of e, so that deuterons and alpha particles acquire two and four 
times, respectively, the energy of protons. This can be shown from Eqs. (8i-4) and 
(8i-5): 

Angular frequency is — 


Substituting in Eq. (81-5), as 
oo | | E : = Qr?R%w2m 


Tf w is constant, maximum energy is proportional to m and independent of e. 

The positive-particle output of most standard cyclotrons has two to five times the 
energy of that from high-voltage accelerators. ‘The copious, practically continuous 
(pulses are two times oscillator frequency) high-intensity beam. can produce large 
yields of neutrons or induced radioactivities. However, the beam contains a back- 
ground of mixed radiations and the particles are of a wide range of energies. Mag- 
netic separation methods are used to sort out reasonably homogeneous beams. Exter- 
nal beams are only a small fraction of the internal intensity. _ 

As the maximum energy obtained from the cyclotron is proportional to the square 
of the magnetic field and the square of the radius, a practical limit on all cyclotrons 
is the cost of the magnet. Another basic limitation results from the fact that the 
relative mass of an ion increases with velocity, causing a decrease in angular velocity 
so that it arrives late at the accelerating gap. This relativistic-effect limitation of the 
standard cyclotron, which occurs at 10 to 20 Mev, is overcome in the synchrocyclotron. 

Synchrocyclotron (F M Cyclotron). A means of overcoming the relativistic limitation 
of the standard cyclotron was suggested independently in 1945 by two physicists— 
V. Veksler (ref. 24) in Russia and E. M. McMillan (ref. 39) in the United States. 
They pointed out that allowance for the increasing mass of the revolving particle 
and the resulting decrease in angular frequency could be made by introducing a 
steady increase in H, so that m/H remained constant, or by steadily decreasing the 
frequency of the r-f oscillator. This was tested by modifying the 37-in. cyclotron 
and then the 184-in. cyclotron, under construction at Berkeley, was redesigned to 
include modulation of the r-f oscillator. In November, 1946, synchrocyclotron 
operation was achieved with deuterons and alpha particles, and wath protons in 1949. 

The five large synchrocyclotrons in the United States (1954) produce proton ener- 
gies ranging from 240 to 450 Mev. Plans are complete for rebuilding, the 184-in. 
Berkeley machine to bring its output to 700 Mev. | 

In the synchrocyclotron the r-f oscillator is frequency-modulated by a rotating 
condenser so as to decrease the excitation frequency applied to the dees in synchronism 
with decreasing orbit frequency of the particle. The design requirement for the 
matching oscillator frequency to the mass/charge ratio of the particle and to the 
magnetic field strength was discussed under Standard Cyclotron. Because modulated 
r-f oscillators suitable for deuterons and alpha particles are incorrect for protons, the 
Berkeley and Chicago machines have dual-range r-f systems. The synchrocyclotron 
at Liverpool also has this flexibility. | 

‘Variation of frequency to correspond to the increase of mass automatically brings 
about synchronization of phase as a result of the relativistic effect; i.e., if a particle 


arrives at the gap late in phase by a few degrees it will receive less energy, there will’ | 
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be less increase in mass, and the orbit time will be shortened. The particle will then 
be advanced in phase on the next orbit. Thus the ions oscillate in phase about their 
equilibrium orbits which are of increasing radius and energy. Because of this phase 
synchronism, the rate at which the radio frequency is decreased is not critical. 
_ The University of Chicago synchrocyclotron, for proton acceleration, decreases 
the frequency from 28.6 to 18.0 Mc in 2 usec. In this time, the ions are carried from 
the source at the center to the outer radius of 76 in. where they have an energy of 
450 Mev. They have traveled approximately 350 miles. Modulation frequency for 
FM cyclotrons is usually about. 60 cps. The output, therefore, for a single-dee 
machine (one chamber is a “dummy dee”’) consists of 60 pulses per second (ref. 19): 
Reference to the tables indicates the order of energy being obtained from the com- 
bination of a large machine and synchronous operation as compared with the standard 
eyclotron. The acceleration of particles to these energies has opened. up new research 
fields, particularly in meson production, detection, and mass measurement, and the 
distribution of high-energy neutron scattering. Like the standard cyclotron, the 
synchrocyclotron has the characteristic of a copious beam of high energy, but’ of 
mixed. radiations and energies, so that auxiliary means of sorting and focusing are 
necessary.. Because of the cost limitation imposed by the physical size of the magnet, 
it is to be expected that future higher-energy positive-ion machines will be synchro- 
trons or linear accelerators. | ee es 
 ‘8i-3. Betatron. The first machine to produce a usable beam of électrons which 
were accelerated by a changing magnetic field was designed and. built by D: W. Kerst 
in 1940 (ref..29). Prior to this, other investigators had pointed out the feasibility 
of using magnetic induction to accelerate electrons—R. Widerée in Germany in 1928 
and E. T. 8. Walton in England in 1929. In 1936, a German patent was issued to 
M. Steinbeck for an equivalent device claimed. to produce 1.8-Mev. electrons in a 
small-intensity beam. The original betatron of 1940 produced X rays of 2.3 Mev. 
Today, the majority of about 20 medium-sized betatrons are in the 25-Mev region; 
there are two laboratory machines of 100 Mey and one of 340 Mev... : 5 
As compared with the cyclotron, the betatron accelerates the particle in a-con- 
tinuous circumferential electric field instead of.a periodic field across a gap. The 
machine can be compared with a transformer—the electrons in an evacuated doughnut 
chamber constituting a secondary winding about the pole of a large magnet. An 
electron injected into the chamber with a preliminary high-voltage acceleration. will 
move in a circular path as a result of the perpendicular magnetic field. -The basic 
equation of centrifugal and electric forces applies: a _ 
; | H ‘ “ ue 
r 


or, setting the electron’s momentum, mv. = p, 
pia ee ee eee 
= . ae c a. c Gy 
If now the magnetic flux enclosed by the orbit ¢ is increased,.a tangential electric 
field will be produced at the orbit Ey = ¢/2rrc, which will accelerate the electron. 
If the magnetic field ig so arranged that. p and H increase proportionately, the radius 
of the orbit will remain unchanged; the electron will continue to move in the equilib- 
rium orbit (r = 79), but with momentum constantly increasing as H ig increased 
(ref. 30). a . Bp ek ee Po : a 
The proper rate of increase of the field to maintain a constant-radius orbit is found 
as follows: ye oes ee 
The rate of increase of momentum of the electron ig 
| _ eb 
aro 
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which gives 


_ eo — $1) | 
- | PD = ~ Qerrec 
Using Eq. (8i-6) with r = ro, 
_o— F1 . 
H= Dare? (81-7) 


Thus the average magnetic field enclosed by the orbit must be twice the field at the 
orbit in order to keep the radius constant. | . : 

Because this 2:1 relationship must be maintained, if for example, a change of 
5,000 gauss is required to produce the desired increase of electron momentum in the 
orbit, a change of 10,000 gauss must take place in the central flux. This requires & 
large magnet, designed for the strong central field and the weaker field at the orbit. 
The magnet must also shape the field (rate of change with increasing radius) 80 as to 
accomplish radial and vertical focusing of the electrons into the desired orbit (refs. 
6, 30). | 

Acceleration takes place in the first quarter cycle of the excitation to the magnet. 
At the peak of the quarter cycle of magnetic excitation, an auxiliary winding so dis- 
turbs the field that the electron stream is deviated from the orbit to the inner wall of 
the tube where it strikes a target for the production of X rays, or emerges as & beam 
of electrons. 

In the 100-Mev betatron an electron makes 250,000 turns between injection and 
removal, traveling 900 miles. The particles gain 400 ev each turn. At ejection, their 
velocity is 99.99 per cent of the speed of light and their mass is 200 times rest: mass. 
-_ The betatron is limited, as are all circular electron machines, to a maximum energy 
set by the radiation loss of the electron. The particle eventually loses what it gains 
during each turn. Radiation loss can be reduced by using a larger orbit and by 
imparting greater energy at each turn to reduce the number of orbits. This is done in 
the larger machines, but it appears that 500 Mev is about the limit that can be obtained 
with this principle. 7 

8i-4. Electron Synchrotron. In 1946, F. K. Goward and D. E. Barnes in England 
converted a 4-Mev betatron to 8-Mev output by applying the principle of phase 
stability proposed by McMillan and by Veksler. In 1947, the betatron group at 
General Electric Company applied the synchrotron principle to a betatron and 
obtained energies of 70 Mev (ref. 35). In the 8 years since the 330-Mev synchrotron 
at Berkeley became operational in December, 1948, about 20 electron synchrotrons 
have been constructed of which 8 are of 300-Mev energy or higher. 

Electron synchrotrons combine the induction action of the betatron with the prin- 
ciple of synchronously imparting periodic increments of energy from an electric field. 
In contrast to the synchrocyclotron, synchronism is achieved by increasing the mag- 
netic field rather than decreasing the oscillator frequency so the orbit radius is con- 
stant. The accelerating chamber is either a circular or a racetrack path. The 
magnet is distributed along its circumference, and because the radius is constant, the 
magnet’s radial width can be kept small. A resonant cavity containing a gap is 
fitted into one segment of the vacuum chamber and connected to a constant-fre- 
quency r-f oscillator. 7 pet | 

Operation of most electron synchrotrons starts out like that of the betatron. Elec- 
trons are injected into the ring and an.increasing field orbits them in a circle. At 
about 2-Mev energy betatron action stops because of saturation of the limited-sized 
core of small flux bars. At this point, r-f energy 1s applied to the cavity and the elec- 
trons receive a thrust at each revolution. The velocity is already 97.9 per cent of the 
velocity of light so that it 1s essentially constant. On each orbit, the electrons gain 
energy from the r-f field, therefore, by an increase in their mass. At 2 Mev the mass 
is 5 times the rest mass; at 330 Mev it is 625 times the rest mass. 

One typical synchrotron has a field of 80 gauss when synchrotron action begins, 
increasing to 10,000 gauss, & factor of 125. An oscillator of 47 Mc and 3,000 volts 
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maximum connected to one side of the gap imparts 2,000 ev to the particle each time 
it passes the gap in phase. 

The synchrotron output, like that of the betatron and synchrocyclotron, is always 
in pulses at the frequency of the magnetic excitation. The electron synchrotron, like 
the betatron, is subject to the radiation loss of the revolving particle. However, 
because of the principle of phase stability the loss can be compensated to a higher- 
energy level. This compensation, together with the larger orbits obtainable with the 
distributed-type magnet, indicates that the practical limit is between 1 and 2 Bev. 
The Cornell and California Institute of Technology machines are designed for such 
an energy. There is considerable variation in design features among electron syn- 
chrotrons: As examples—at least one machine (at General Electric) is completely 
“Gronless’”’; at Michigan the betatron phase of operation is eliminated by using a 
variable plus a fixed-frequency r-f system; and at Berkeley a linear-electron-accelerator 
injector will eventually replace the need for betatron starting. 

8i-5. Proton Synchrotron. The proton synchrotron, like the synchrocyclotron 
and the electron synchrotron, is based on the synchronous principle described by 
McMillan and Veksler in 1945. The idea of a proton synchrotron was advanced by 
Oliphant as early as 1943. The first particles of 1,000-Mev (1-Bev) energy were 
obtained from the proton synchrotron (‘‘Cosmotron”) of the Brookhaven Laboratory 
in May, 1952. In July, 1953, the accelerator at Birmingham, England, was also in 
operation at this energy. In January, 1954, the Cosmotron output reached 2.9 Mev, 
and shortly after this the larger ‘‘Bevatron”’ was in operation at Berkeley. Protons 
of 6 Bev were obtained from the Bevatron in April, 1954. These three machines are 
the only operational proton synchrotrons. Three others, when completed, will have 
higher-energy outputs. The Australian National University at Canberra is building 

‘a synchrotron expected to exceed 10 Bev, and the European Council for Nuclear 
Research and the Brookhaven National Laboratories are each planning similar 
machines, to be completed about 1960, which should attain 30 Bev or higher. 

The basic principle of the proton synchrotron is similar to the electron synchrotron 
in that an increasing magnetic field perpendicular to the doughnut vacuum chamber 
induces the particles to travel in a circular orbit and an accelerating cavity imparts 
increments of energy to the particle each trip around. However, protons do not 
approach the constant velocity approximating that of the velocity of light until they 
have attained an energy of 4 Bev as compared with 2 Mev for electrons. Therefore, 
the r-f energy applied to the cavity must increase in frequency as the proton velocity 
increases in order to maintain phase stability. The rate of increase of frequency and 
field must be accurately keyed so as to maintain a constant-radius circular orbit. 

Injectors for proton synchrotrons, operational and projected, include electrostatic, 
linear, and cyclotron accelerators of energies from 0.5 to 50 Mev. High injection 
energy facilitates defining the beam, amplitudes of radial and vertical oscillation are 
reduced, and the frequency range required of the r-f oscillator is less. 

In the cycle of operation, field strength and oscillator frequency simultaneously 
increase for about 1 sec, after which several seconds are required to reestablish the 
magnetic field. The output is therefore a series of pulses at 5- to 6-sec intervals. In 
the Cosmotron, for example, when the field reaches 300 gauss, an 80- to 100-ysec 
pulse of 3.6-Mev protons is injected into the chamber from a Van de Graaff machine, 
and after a delay of 150 usec, the radio frequency is applied. Frequency rises from 
an initial value of 300 ke to a final of 4.18 Mc while the field is increasing to 14,000 
gauss. The protons make about 3 million revolutions, acquiring 800 ev each turn, 
and reach the maximum of 2.9 Bev in 1 sec. Pulse frequency is 12 per minute, each 
pulse lasting for about 1 msec and containing 10!° to 10" protons. The protons can 
be ejected from the chamber or directed against probe targets. 

Recently developed ‘‘strong-focusing’’ methods make it possible to confine the 
synchrotron beam to a small cross section (ref. 44). The “alternating-gradient- 
synchrotron (AGS)’’ design passes the beam through successive magnetic fields of 
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alternating transverse gradients (i.e., alternate positive and negative n values’ in 
successive sectors). The resulting reduction in size of the required aperture, and 
hence of the guide magnet, makes it possible to go to higher energies without pro- 
hibitive magnet costs. The 30-Bev machines being planned for the Brookhaven 
National Laboratories and the European Council for Nuclear Research (CERN) will 
utilize this principle. The distributed magnet (in an underground tunnel) may be 
as large as 850 ft in diameter, although the aperture will be the order of 1 by 2 in. 
_ The proton synchrotron has the same advantage over the cyclotron that the electron 
synchrotron has over the betatron—it does not require a solid-core magnet. Its 
distributed magnet is considerably more practical and economical to construct. In 
contrast with the electron synchrotron, the proton accelerator is free of the orbit- 
radiation problem since the proton rest mass is nearly 2,000 times that of the electron. 
At 6,000 Mev, the orbit radiation loss would just reach the negligible value the elec- 
tron loses at 3 Mev. i | 

Thus the proton synchrotron ranks highest of the high-energy accelerators. — Today’s 
machines make available protons of ten times the energy obtainable from the largest 
synchrocyclotron. The AGS accelerators planned for Brookhaven and CERN in 
1960 will effect at least another tenfold increase in energy. Such high energies have 
previously been available only from cosmic rays. The availability of laboratory- 
controlled particles in the Bev energy range opens up increasing new fields of nuclear 
research. : | : 

8i-6. Linear Electron Accelerator. Linear electron accelerators originated at 
Stanford where W. W. Hansen in 1948 obtained energies of 6 Mev with a 10-ft model 
of his traveling-wave accelerator. The latest Stanford machine was operating at 
630 Mev in 1954. In the United States and Great Britain there are about nine other 
laboratory machines in operation at various energies from 0.5 to 38 Mev. Partly * 
because of the increasing interest in the therapeutic application, linear electron 
accelerators are now being made by two commercial companies in England. 

The linear electron accelerator devised by Hansen is a wave guide of circular cross 
section divided into sections of increasing length by disks with holes in the center. 
When pulsed radio frequency of about 3,000 Mc is introduced into the guide, the 
wavelength of a given phase is determined by the distance between disks. Wave- 
length and phase velocity increase along the tube as frequency remains constant. 
Electrons are injected into the evacuated tube from a gun and receive acceleration 
from the forward phase of the axial component of the electromagnetic wave. They 
remain in phase with the traveling wave, increasing in velocity and, as they approach 
the velocity of light, increasing in mass. ee | 

Most electron accelerators are traveling-wave tubes. Both pulsed magnetrons and 
klystrons are used in various arrangements of power feed. The MK III Stanford 
tube, consisting of twenty-two 10-ft sections, is fed by twenty-two separate klystrons 
driven from a common source. An energy of 630 Mev has been obtained in a beam of 
0.5 wa average current consisting of 0.3-ysec pulses at 60 pps. Itis expected that 1 Bev 
will eventually be obtained from this machine. | | 

‘Unlike the proton linear accelerator, the energy of the emergent beam is not rigor- 
- ously built into the machine. Since the electrons approximate the velocity of light 
for most of the distance, particles slightly out of phase pick up less energy but remain 
at essentially the same velocity. The energy output can therefore be regulated to a 
considerable extent by varying the power fed to the accelerator. Conversely, there 
is the disadvantage that the beam consists of particles of a wider energy range. How- 
ever, the well-collimated high-intensity output plus elimination of the exit problem 
present in the betatron and electron synchrotron make this accelerator very useful 
for nuclear research. It is also receiving increasing use in therapy applications. The 
linear electron accelerator is of course free of the radiation-loss limitation character- 
istic of the orbit-type accelerators. -_ : | a 

1 Here n = —(r/H)(dH/dr), in obvious nomenclature. 
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8i-7. Linear Proton Accelerator. A linear accelerator for heavy positive ions, 
built by D. H. Sloan and E. O. Lawrence in 1931, was based on a principle suggested 
by R. Widerée in Germany in 1929. The availability of high-power very-high-fre- 
quency oscillators permitted L. W. Alvarez at Berkeley in 1947 to build a similar 
accelerator for the lighter, faster-moving proton (ref. 51). The only other linear 
proton accelerator is at the University of Minnesota. The first section was operating 
at 10 Mev in February, 1954, and additional sections will bring the output to 68 Mev. 
In England, a 600-Mev linear proton accelerator is in the planning stage. 

The Alvarez design of the proton accelerator utilizes a series of spaced cylinders 
mounted in a straight line within a larger tube. Alternate tubes are connected to 
opposite sides of an r-f source. The protons are accelerated across each gap, the | 
lengths of the successive tubes being made so that the particle arrives at a gap when 
the r-f polarity and phase are correct. A proton acquires additional energy (velocity) 
each time it is so accelerated by the potential difference across a gap and drifts through 
successive tubes at a velocity which is constant within any one tube. 

As the proton must go from one gap to the next in one period of the r-f field, the 
frequency and voltage of the standing wave put on the array determine the dimen- 
sions of the tubes, the number of tubes determines the final energy, and flexibility of 
output energy can be obtained only by constructing the array to permit combinations 
of demountable sections. 

The r-f source at Berkeley is actually a series of 28 self-excited oscillators (202.5 
Mc) operating into the one resonant cavity. At Minnesota, the three-sectioned 
accelerator is excited by three power amplifiers operating from a common crystal- 
controlled source. In both the Berkeley and Minnesota machines, r-f energy is 
pulsed and the output beam (Minnesota) consists of pulses of the order of 200 psec 
at 50 pps. The protons are injected into the accelerator at 4 Mev by a Van de Graaff 
machine at Berkeley and at 0.5 Mev by a transformer-rectifier at, Minnesota. 

The long pulse of monoenergetic well-collimated protons obtainable from a linear 
accelerator is particularly useful in certain types of nuclear research, such as proton- 
proton scattering and inelastic scattering of protons for measuring energy levels, and 
for work on short-lived isotopes. Because the output beam of the linear proton 
accelerator is within a uniform band of energy and because the machine is inherently 
free from exit difficulties, it is expected that the large accelerator projected for the 
Atomic Energy Research Establishment at Harwell, England, will permit precise 
experiments hitherto impossible with synchrotron and cyclotron accelerators. — 
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LOCATIONS AND PRINCIPAL CHARACTERISTICS OF OPERATIONAL 


MACHINES THROUGHOUT THE WORLD 


The information in the following table was, for the most part, obtained from ques- 


tionnaires returned to the editor by the operating laboratories. A few entries were 
obtained from publications and from data supplied by manufacturers. These cases 
are so indicated in the remarks column. 


NUCLEAR PHYSICS 


8-182 


er og 00T OF 


eee tt 


1961 ¢ 8 A- 0e j-a ¢°9 pd OPA. 
&S61 pozdjeue 87 QT OMT oT ok H gg uurZ “POW L@ jeH‘SUOWAL| HPA 
SOWIE 80°] 38 FHGT “UIsu0d . oo sOurelY 
“SIM JO A}ISIOAIU) 38 OFET pozdyeue er Og OFT gor og H g¢ uuIZ “pow L% p‘d OPA | SOT ‘BImIO;VD Jo Ajisieaia(] 
. OS6I el | : my eevee eae esevee H 29 fi . c'0 p‘d M-O ewes eene ed QJ0UL 
: . 9 ~JOAV'T ‘BTUIOJT] VD JO AptsdOAtu () 
6F61 Bn F ost |B 8 A 6 y-4 8° v‘p'd DPA 
018 - . 
8e61 en | 08 eI 8 A’ 8 aZeyoA-MoT | 8'T o‘p'd OPA 7 } ABojou 
661 er OT ost Or g A 92'S j-4 9°0 »‘p‘d OPA | 4997, JO enqysuy eras; Te) 
OS6T et 00 OSE o'Y € H € Tad é Z DPA 
6F61 | (p‘d) eB Og 01 OT OPI - 8 8 H 8 : oIV EE vo'p'd OPA | 
10z09{UI jeyuaUItJadxa *PEG] | ae eN OSE G9 e} H & Td 0% 2 DPA £104 
UOIJOUISO) 10} 10} d0fut ‘ZeGT | esfnd/suozoid z10I~ O&T PG 8 H ol Did ¥ d OPA | ~es0qge'] [euoneN weaeqyoolg 
. ByVp aU ‘GCéT er! 0SZ OSE v9 6°% A Le Ta 0% a DPA praca ssey ‘passe 
“diog  dJourejyuog  Aappeig 
UBISEp 
ZS61 | peayoserun er OCT oy aia A 8°0 aspry FO FI) O10 d‘p we) 
udisap * 
9F6T paajoses 8! OF 006 él v A ¢ oweg ‘JJ gL'T d‘p DPA 
uZisep 
S61 | poafoser (d) B7 g 00€ ce ¢3r A 0¢°0 foweg ‘j-1 0'¢ d OPA | ToHepunog qorvasey [OWY 
FO61 en 0OI N ‘002 6 eg fe Ree [seen ieress OL 3 OPA 
i OW OOT ‘J-4 
(320) : | 
€S6T Wmqer ‘Sr6I er Og woady + N ‘021 Gc L H 8T eaprey 180 9° p‘d OPA | Aroxesoqe’] [euoreN euUosIy | 
| BYEp IFUL “ECG ert OSZ ose —§ g A € Tat 0% _ AB X PQPAL [os oBeayD ‘yeq1dsopy 
% " | Yoreasay saoue, suu0sIy 
ee 
Soqeqg payuy 3y} Uy 
isd ‘aunsseid Vy ee — “anaes 
Burjyeiedg =| ‘qua, _ 41 a a 
eae qualms weed BAY 90nOs UOT Badd. ae ii Racal Ghat u0l}e00'T 
‘uoryeiedo 4sIy jo 9eq . - ‘ABiouq | jo eddy, | jo odAéy, ; 


que, eqn} Zur}B1ofa00 VY 


commis bien monmaeio mram ig  i merarseierin rCR  E A SE  e 


SUOLVUANGL) OILVLSOULOAIG “[-1g AIAV]T 


8-183 


PARTICLE ACCELERATORS 


2961 en oce Pe a cr Siar Sane, | g ya 920 rd | MO | | 
OF6i eu cy Baa ese || Aa (I Saateatins A yows yogig [occ | op y ; o-8 “yoy | sprepung jo neaing [snotty 
161 eng 001 98 8] A 02 ory ¢'§ pd OPA [0 ByOsauUTW Jo AisIOATUy) 
Os6I en 0GZ ose yg 62 A LZ ta 0% Atl X DPA 
8F6I eng OST 91 g A 6 j-l OF p‘d DPA 
8F6T Br OOT ose Pg 6% A/H LZ Th 0% a (2)DPA A¥ojouqoay, 
, ZS61 en G20 00%-002 1g ra A 81 yl ¢°8 v'p'd DPA | Jo agNIYSUl s}esnyoussEpy 
IVP JU ‘EPET en 0Gz ose P'S 62 A LZ Ila 02 kel X pA [rete tate e eens [end 
“SOR [@isUer) s}jasnyoesseyy 
ByEp IJUI ‘EGET en 0GZ oe 7g 62 A g Mi 03 fel X OPA |*'eNyHSUT ou], sajazuy so 
E961 Bul | wy eS ila ere et H 92 jl G2T'0 p M-OD 
6F61 er 0g 700 + N ‘O0T Or 8 A GL j-l GZ pid OPA [°° °° 4¥onquey jo Ap1er0aTaQ, 
C961 ung Ost a 9 H H GG6T UL Jd ‘uuIZ) Gog pid DPA PC “BBSUBY JO ApsI9ATT LY 
8h61 | pozdyeus ‘en Q] 09 eT 9 H 9 j- rT pid OPA |" * Apsieatuy) surydoy sugor 
L861 er 008 amy Rae. We Garman ad ie "7 7 ja ar pd M9 
8F61 engi] as 0g G°8 H 2 uuIz 0'F pid OPA | AND BAoy ‘oBaqJoR 293%9g BMOT 
Br6I | poajosozun “ew ¢-¢ wy eta, Sree i = : pouugd pa‘ay| 9-9 anp'd Mo foo Ria acres soury ‘sorueyo 
. -OJQ pue omynouisy ‘eaoy 
ByEp Ayu ‘OST (2) e7 0OT ose P's 6% A L@ Td 0% a OPAs Jere OR ae puepyzooy 
Byep IyuI ‘ZG6T (2) e7 00T ose r'S 6% H re hd 0% a DPA 
BIBP IW “FSET (d) er gz ose +9 6% H Le yu 0% | 210°80G | OPA fo ployuey 
°O°¢ d12}0a[q [BIeUax) 
SI8p IjUI PO6I1 er (CZ oge $9 62 A Le ta | 0'2 shel X OPA vee meee cote ed ‘doqure, 
“UNO “di0D J9[9eqFM J9}s0g 
TS61 en 1 001 8 ¥ H 2 Wd OT pid DPA fC Bplopy Jo Aqssoaray) 
PS61 eng . OSE an) 6% A 12 dng 0% @ 10 “SOg OPA [°° °° Al0zBlogey jeusig suvag 
S61 | pozdéfeus (d) en OF GLI 1 8 H ral yd 0'F dt DPA fT ‘+ APSIOATOL) aN 
BEp syor ‘FSET (d) en gz ose 79 62 H L2 jd 0% a‘d OPA [CC gona 
. “PURIPIAL “OD [wormay) Mog 
S61 ert 9¢ 092 8 8 A rat yd G¢ | suor’sog | HPA |°* °° '** Apsuoatay eiquinjog 
1961 eng ose 79 63 A L% dng 0% | suor‘sog | HPA 
018 
SE6I en 0g a es eae Cs i) ener H G2 9387[0A-MO'T a suol “80d MO eee eevee ay 2) tg) jo AVISIOAU f} 
odvys-1e0d ad 44 , 
6861 erg og Gg | ‘xeul 43 ge A 0G oSpry Y2O ‘J-1, gg 2‘p‘d DPA 
od A} m092u1 
S61 er! 0g wy ies ea. ae A PI ospry FBO J-1) OT »‘p'd OPA | “GBM ‘doRNIHSUT srseuIED 
painpayos Fo6] Cul | tee ee wees see a ce A e°9 ya 09°0 p'd M-O 
eg61 Br OT SoYs [eNUaz;od1a301 Ino = -xeud isd H- fs yl GZ 0-0 p‘d M-0 


OZ order Jayno ‘uuMjoo UOeIedeg 


NUCLEAR PHYSICS 


8-184 


eyep ayur “eéT 
og6T 
vyep IZUr “SGéT 


ec6r 
661 
Qe6l 
261 
6F61 
Zo61 


OS6T 


Byep yur ‘SC6T 
S61 


Og6T 
Os6T 
TP61 
GS6T A]1¥9 10} Weld 


wyep IU “SC6T 
eS61 
eS6t 
6F6T 
&6T 
6S6l 
OS6T 


Byep AyUL “FE6T 


SyIVUIOl 


‘uorjeiado 481g jo ayeq 


a 


(2) ef 0OT 

(a) ev gz 

(2) Bf 00% 

(d) er 0¢ 
en 002 
et 02-1 


en O1-¢ 

er 009 

en oGge 
(2) e OOT 
(d) en GZ 


qUa1Ino Urvaq ZAy 


ose bg 6% 
ose r9 6% 
Ost b9 6% 
042 & $°8 
001 62 9 
uny Sates | eeearenee 
OST ¥G 8 
Ost 0Z g 
ose bg 6°% 
200 ++ N ‘002 a oy 
700 + N ‘S22 9% 8 
Oss ae] 6% 
ost OF 8 
00€ a6 8 
Ose v9 6% 
ose 8 g 
ose L € 
Oss v9 6°S 
wool} 
200 + N ‘OST of 6 
uny coe jueeee 
Ose v9 6% 
isd ‘onssoid y beats 
Bunyeied¢O ‘y32Ue'T Wome 
qUeL 


mo omh RRR & RRMRAMA AMARA WAR 
= 


sixy | 4} ‘UySu07 


eqn} JurI}eI1B[BNNV 


ya 
TG pus j-a 

a 

y-d 

ya 

oy 

o1V 


ja 


a0inos UOT 


0% 
0% 
0% 
0% 
gg 
030 
S20 


0°2 


AoW 
‘ABOU 


(panuyuo)) SHOLVEANAY OILVLSOULOATY “[-1g TIAV], 


Atl X 
SUOl *SOd 
SUOI *SOg 


p‘d 
p‘d 
p‘d 
p‘d 
d 
suo AAvayy 
»°H ‘s°H 
‘'p'd 
Ael X ‘a 
pid 
oH'p'd 
a 
a 


app'd 
SUOI ‘50g 
a 10 “S0g 
a 
Suol *SsOg 
SUOL *SOg 
suo! ‘S0g 


SUOI "SOg 


suot ‘sOg 


qporzzed 
jo edAy, 


OPA 
DPA 
OPA 


DPA 
OPA 
M-O 
OPA 
OPA 
M-0 


MO 
OPA 
OPA 
OPA 
OPA 
OPA 
OPA 


DPA 
DPA 
OPA 
OPA 
OPA 
M-O 
M0. 


DPA 


ouIyoeUl 
jo odAy, 


votes ap}q¥ag ‘yeqidsoyy YsIpeag 


“raqnqrsuy qoavasay psojueyg 
alate Saigon twas uoysnoyy 


“di09 


quetidopaasg = ]®4s 


ne hness aqnqusuy aory 


"*eravapAsauad jo A}ISIOAIT (YY 


-210q?'] 


AYISIOATU() 0489G O1GQ 


£104 
jeuoHeN eSpry AQ 


***-9uIeq] @IJON JO AzISIOAIT(Y 
"++ AQISIOATU() 0199894710 NT 


“*-Jooyag “380g TBARBN 


"++ £10JBIOGB] Golvasoy [PACH 


asuajac] [BOIZojorpey eae 


A£107810QT 


W01}890T 


8-185 


PARTICLE ACCELERATORS 


TS6T 


TS6T 


BJEP AYU ‘FOG T 
BIep JW 


B7eP YW 
0S6T 
TS6T 
L¥6I 


PS6T 
oS6T 


2? 


ee 


sores eran eee 


| 


eereee 


eeeeee 


ee ceee 


eoeceoes 


OF 
opoqyeo 0H | 09°0 
| L49'T 

| 0% 
een I 
ree rl 
A-q 40 
ee ee 0 
| OT 

re ee roe 9°0 
FY a | 


ee 


“ylry‘p‘d , 


DPA 


DPA 


OPA 


diene aes Jeary FVYO 
‘HOUND Yorvasey [eucney 
BMVHO ‘(GUT “Bug “4991q) 
[ounoy Yovesay jeuoyney 
:epeuey 
771":  TYBANIOT-99[J9A9F7 
‘UIsANOYT Jo AISIOAIT() 
**-aBgvy ‘eB9ry] Jo Apsioata() 
i praise aac 5 suo ‘suOW] 
ep anbiuyoezAjog 93[noeg 
Se tleEG AGRE Asciade spessnug 
‘aueyqy aeéoy = ajoo"y 
Ce sjassnig ° 
‘sjessnig jo AjzIsIaAI() 
sTINIZ[ag 
B110}01 4 
‘aummoqayy jo AxIsIaAtU() 
“LO'V ‘eaquey ‘Ay 
“IZA [OUOIVN URTPBSNY 
{ByeIjSny 


Sn ee a ee 
8938IG PoHU] oy} episynC | | 
a a er a ee et 


Syep Iya ‘EET 
OF6T 
eS6l 


8e6l 

BIEp AOL “ESET 

_ Byep AAT “CShT 
8é6T 

SS6T 10} poynpeyos 
OS6t 

Byep IAT ‘OSET 
TS6T 

e961 

BYVp IjUA “SC6T 


(2) 87 OOT 
(d) ert ¢Z 
en 7 


en OOT 


ee ay 


63 
gg 
e 
edeys-ited 
‘xeul 0¢ 


6% 


evecare eoe 


PPR MRE DR & AD 


ya 0% 
IY oF 
A 0% 
j-l o's 
dng $0 
ld 0% 
Tl 20 
j- OT 
ja ¢'0 
Tl 0% 
yl 10 
fl OF 
Tl 0% 


9 10 “s0q 
v'd 
a 


pid 
suo! “80g 


1304 
-WaKy JuaTIdOjaAog ITY 4B AL 
aie: UISUODSI A JO AJISIOAIT) 


ysings}jig 
“di0g dUp9[q sesnoysurjsa MA 
“Bsn, “ony ‘sfaaang sya 
a hae as [Busy UA0}19}8 4 
+ GoqZuryse AA Jo APISIOATU LE) 


pee ene SlUIBI A jo AYSIOAIT () 
oozeursey ‘Auedwog uyoldp 


ress eess-gexgT Jo ASIOATU 
ereve srtteesesees* @rgIOaK) 


‘Teydeoy eSpemjey, ouesng 


NUCLEAR PHYSICS ° 


8-186 


PS6I ‘aorjon.148U090 Jepuyn 


L861 


PS6T 
‘morjONIysu0D Japun surIyO 


-B8Ul pozesodo-asind ‘6 F6T 
PS6T ‘dorjonszysu0. Japuy) 


PGET ‘UorONIySUOD Jopuy 
6F6T 


bS6T 


8P6T 
POET ‘AOQuIOAO NY 10} pouue,g 


bS6T 


PEST ‘UOTONIyYsu0d Japuy) 


6S6T 
9F61 
PS6I 
SyJVUIEl 
‘uorjeiedo 4sIG JO o78q 


Ce 


eooeteeeeereeertese 


et 00S 


asind dasv {| ‘el g 
eT OL 


eee eee seen eeoreerene 


quaiind ureeq JAY 


oe BED lle at vate deel erecta: Ul Je wes Gee esate Sie eS ol. pid 
A wg sueqdyg =| @) OT | Pp'd's 
}-Y pue suo! 
A TW ¢'¢ Agi [eueg GT | saqjo ‘p'd 
A mg ft 0-1 5 
epoy}ea 
A umg'¢ pjoo ‘duruuag 0's p‘d‘a 
A W ZF Kes peuey yi | uep 
J-Y pus 
waeeevee . eoreseereesoe queyqdyo 60 p 
A wg yueqdyo gt op ‘p'd 
A ag A-Y rT p‘d 
0% a‘d 
A bo rq 9°0 P 
A ul gel Od ‘F-4 Ba | ued 
A wWSgLs Did o's p‘d 
A wW 9 . Z *de0-9 IV Gc Z ey 
A Wh Fy 0's d 
sry 133097 . 
90IN0s UC] = suai 


wyy ouON 
aye OZ | MOO ays 
auoN 
euoN 
uoady ‘U1Y® [| WO'Z WIT 
wye Ol] WP YD w gt 
Sesimeas os | ues WP's 
mye ft | WOL mo? 
oinsseid aan ee 
2uty819dQ) qane'y ‘a 
quel, 


jo odAy, 


9qn} sul}e1apa00V 


(panuyuo)) SHOLVAANEY OLLVLSOULOAIW “[-1g AAV], 


OPA 


OPA 


auTyoeul 
jo odAy, 


"aUOg "Alay ‘yIshqdiay 
pun usqeyg my ynqysuy 
"* Braqpepreyy ‘unqossog 
“PAW = ANsUl «= YOUR 
XBW WE HIShGg Ny NqNSUY 
UaZul 
“goo ‘(427 N H) asoyde 
-O7eNG ay} jo sosdyg 
Joy ayy YSU You, xeW 
“*  maryed-urieg ‘Ay1s7aa 
-1U() aedy ‘ayngrisuy peorsAqg 


gureyy ‘Astureyy) 
JO} OyNYYSU] Your xepf 
: AUBULIOS} 
Aiaq ‘anbru0zyy 
eseyyuAg ap ai0JeI0qeT 
*** Bmoqsesyg jo AptsIVATUy) 


‘souteajONNY sedualog sep 
OITVPISIOAIUNIAzUT «=—-49N4LSUT 
Serer ara suv "4994 AYO d goog 
ee are ree ee sue 
‘amnauadng o8UON eoog 
ey}oAX-Ins 
-yuy ‘% xog ‘enbimozy 
aZIOU |] & PeLIVSSTUIMIO|D 
:20UBLy 
uazequodoy ‘sorsAqg 


[eo1jo100q J, OF o7NyNsuUy 


:yeurued 


WOr}e00'T 


8-187 


PARTICLE _ ACCELERATORS 


Le6t 


ps6 


9F61 


os6T 


6E6T 


TS6T 


0S6T 


@ “Jor Wl paysr'y 
@ “yor Ur pazsr] 


L¥6I 


Os6t 
TS6T 
6P6T 
6E6T 


Le6t 
8F6T 
TS6T 


eg 
uotyeredas 


O1}IUBeUI 104j8 Gr! ¢ 


sisA[eus 


o1j9UZeUI J04Je Gr 9 


BH 8T 


et 009 


Br! 008 


eerste eoesenreseesensne 


‘er 0Gz 


(peajosar) ett 97 


en oge 
er! 00Z 
e 00Z 


v1 08 
e7 0¢ 


au0N 


uUysgToydn|; wy | wyZ 


ted oge | 939°9 43.6°S 


eeeecn eee nene eoeenes e@eeseve 


eeoetuvesee ose eeserve eae tere 


A 


A 


moe 


48 


“UL OS 


ug 


ay 


[eydsopy Ja0ue, pekOY 48 OUIOVU OTA 0} seprunig 


sd OFE | 239° 


700 +N 
W148 OT WIT YQ 


au0N 


isd oze | WST 8°¢ 
wd OST | ST 13.8°9 


WSS | IQVVA 


BPP BPR BD, 


WD 


ereereewneone 


ugwou0Yyy, I-4 


uemeuoyy, ‘I-4 | 


DId 


o1V 


queqdyo 


ur4s[aUr Z 


al1M 407] 


eee en ee senne 


uor}eIBdas 

ojousew 

WW Old 
ojeuzeW oq 


eee ee wren, 


yy 
uuvuau0Y J, 
jr aq 
07 ‘queqdyO 
uusuleuoy J, 


eovrevsereereve 


OPA 


OPA. 


DPA 


M-O0 


OPA 


wiapulg ‘0[sQ Jo Ay 
-IaAlU() ‘aynyyYsUy peossgg 
:ABMION 
#490131) ‘AqIs 
~10ATU() SHY “qe'T sosAyg 
:Spuey1aqyeN 
eae J Cl ‘0 Ootxayy ‘oor 
“xo JO AzsIaAlU) PeUOeN 


“eplueg ip e0edng Oyn4tyWSUT 
"wer ‘4209810q8T ASO 
:ATBH] 

emer [eyidsoyy JeqsturuT 

“9M “epdsoHy  —Ppay 

“HUQ “Gey sosdyg [BuO EN 
ee Jevidsoyy s200eD [esoy 
cals uopuo'y jo AzISIOAIT) 


[eaaey ‘yuaurysiqejeq 
Yorvasay 4 ASiauq orMmoyy 
uopuoy — 

‘(eydsoyy 4p WsJeWUIEyy 
‘(ouNOY) Yoseosey [BOIpspy 

puepoog ‘ysnquipy 
‘q3inquipq jo AysJaAIUQ 
pioy 
-XCQ. ‘AIOJVAIOQGV'T UOpusIe[D 


eBpiiquiey jo Aj1s19A 
-1Uy) ‘sdrsAqg jo JusuIyIedeq 
"WOysBULIEply “ Py] ‘sets} 
-ONPU] [¥I12}09/7y Poyeroossy 
sureyIg yarn) 
uaduiqn |, jo ApssoAtu() 
Yo0soyY jo AF1s19AIU() 


SIQUVAs 40U srVjoqy |** { Binquiezy jo Azs9A1U() 


Binqieig Jo AyISI9AT) 
Bizuvq jo AysiaAtay) 


NUCLEAR PHYSICS 


8-188 


£961 ert Og | uye OT; DO'S WQg'T A Wt yt 4 ia | p‘d OPA [°° Young ‘yepssaaru() 


Jop yNyyWSUy sayosjeysdyg 


6F61 (+p) en 009 ears rere ee eee | eceeeee {| ee2eeese . A Ww ¢ 4 OT p‘d M-O a yasegq *‘ZezISIOAIU() 
Jap yIYsUT sayosexeAy 
:PULIOZzIAG 
epesddy) 
GFL en 02 re ee ee ee A w G . I i ee 8° 0 ; 9 OPA “eresdd () jo AYISIOATU} 
0S61 ert 0¢ rr er are ee rr ee A w ¢ 9 UvUIgUIOY J, 3-4 rT p‘d M-O ea WOY AIO 
. ‘rySAJ JO} 4opNgrysuTTEqONY 
syusuIeyy WTOYYyI0IG 
sasind oasr-] &q popunouns ‘“osnyyNig BysUOAeyy 
6761 ef got xoiddy [3p ul, OI>]| Wee | WO I-GO] apoue [Vo1uo0y | seit Uo4sZun 7, Zt | Aelyea M-Q | ‘douorNgysuy evysIsAjoIpey 
bS6T et OT Uys gt; WEL mag's A ug'r usumenIoyy, ‘F-4/ 079 a‘p'd OPA | Bnquayyor ‘AZojouyooy, 
jo AjztsI9AtU:) = siaUTsYyO 
PSGT ‘UoHoNI4su0d Jepu/) eT O01 Wy8 CT | WOL O'S A UQ'F ey 0'F pid OPA | PUNT ‘usuoNysuy eAsIsAT 
8r6T et OZ mye 6) WTP a 8°T A UW GZ 's ung ‘ory =| (p‘d) BT pid'a OPA [OC WPOY oI “Ie4s 
-UBSZUIUYSIOT  saivVasloy 
suapaAg 
PGT | oT Kegs bewantts uli weds. bh Reseos inane A ree eee ojourtey go loc M-0 pupeyy 
PS6T | CCS ROGRSED SOs yt JAAH Sieivsaiece eaiee eae |) Seo eciene unset ed ds OPA ‘ean o1g9Uq ap ejune 
 noredg 
g sts | OPA AOYI’YY ‘se0uaI0g jo 
ag ys 0 ec ce ee ed Peco ecco g fcc OPA | Auopsoy yOg Terarey:) 
I ER yee OPA | ‘eyN4usuy peouyoay-oowAGT 
:BISSNY 
oT d DPA 
@ ‘Jol ur poysry see ewes coer seer es | cevee seca eee J weve es | soeveee es a es aa ee ree | waves eevee cy 9 OPA uasieg ‘jepdsoyy pedroranyy 
Z ‘jel ul poysr] see mw ee meer cranes | saree eee cone ul g°9 Ul Ce"Z see eeene ug'¢ ee eee nen oo 0'F pid OPA te ee ewes Ueypuoly, 
‘gjoyssoyy eystayoay, sed10N 
: ABMION 
sas ee wauey | meg =| sy Wy8u97 - 
{ AQ =) fa Be auIqovul 
‘uonesodo 41g Jo oe quand ulead ZAY 9010S UO] eee . ae fy, | 40 se déy, UO1}BI0'T 


yuey aqn} Zurye1sja00Vy 


(panu1ju0g) SHOLVUANAY OLLVLSOULONTY “[-1g WIAV], 


8-189 


PARTICLE ACCELERATORS 


8P6I 


FS6T Sut 


~Piinqes ‘sanyea payoadxqy [8UJ9}x0 Vr OO] ‘TeusazUI v7 Oge 


PS6T ‘WoNoNaysU00 Jepuy “Ul Gg ‘BuryeIaJa008 ButNp F1qQJ0 Jo snipel xeyy 
[8U19}x9 soulty 

OOT xosdde ‘yensaqur ‘Aa 09 38 [vuJazUI AZJoua 

Ad 908/2010/uOsetT 2] ‘peulezxKy *8aIzISUazUT UOSaT 


[euz24Xxo 


(sByd[e AoW-00F) 87 OL X 1 ‘yeusayxe (suol9} 
“Nap AdW-06T) BY 6 OL X GI ‘sesind oesn-g] ur 
(2) AaW OOL~ 07 | dure y_oT x @ 10 sasind dast-¢z Q-1"9 ut (suojoId 
SI6T Ul Finger oq 04 ‘QFE | AoJY-QCg) [eUJej}xo due or-O] ‘Jeusozur ef _ :uag 
[BudequUI ‘suo! NN e7 [-9 
wooponu dod AoW 1 xoldde 38 suot an put ‘Nn ‘9 
6E6T . Jeusa}xa (7%) v7 Og ‘(p'd) en oo] 
(2) [eus9}x0 er QZ ‘Teula;UI BH OQ] 
OS6T (p'd) feuseqxo en Qg ‘TeulazUI BW | 
CS61 [BUsozUL BUI E ‘pazapep Vul { 


@ °Jo1 GH poysry i i ? eee eter eee i a ee 2 Y 


(P) *7 006 


SxIVMaI 
“uoryeiedo 481g jo ayeq 


"049 “Sorj{sUa4Ul UOSssuT ‘eyEp astnd 
“(apotgaed) yor wee Bae “sorjstazoeleyo WReg 


agmnd/soporaed 2:01 X Z ‘sdd Qog'] ‘Bn £0 


02 


$9 


T1é 


sU0} 


74319 MA 


“WIBad pazoapep JO} play JO Youn daevys apraosd 04 ajod odeys-uiey , 


000 ‘ST : IP 9°02 , d [Ao-audg Torres sees ees reeeeessggroguy 
BOT BIUIOS «JO Ayeleatuy 
a 2 
IT 4 
000°8T 4 8 ad soultTy 
ry p 49 SOT ‘“BIUIOITSD jo AzsAIUQ 
&1-F p api 
tee eeeseresnennes 406 SI-¢ d 149 “JOAYT ‘BIUIO;T"Q Jo AYSIOAI) 
007 ses 
00g ‘ST p81 061 P 
. 7 ose d [4o-ouAg 
Seiden pee say sires OF 0 
000 ‘ST 09 02 Pp | 
fee wee ere dietase i, Alea g OI d 49 * AapoyIag ‘BIUIOF IVD jo AYISIOAIN) 
OF id | 
000‘ST 09 0¢ Pp 
Coe meee ee eennvns pee. Or dad 149 
000‘FI 8I ¢ d 149 * AlOJBIOGe] [VUONVN UWaAByxOog 
eee eee ees eneeene ge Zl p [49 uTeeeeeeecrseses = Taq ‘y1eMon 
“UOI}EpUNO Yorvasay [vormMeqoorg 
o'r d 
000" cT 29 1% P TI “Juowley 
tee theres wes ar 0 149 ‘A10ZBIOQeT = [VUONeN ouUOZIy 


ST ETESESEEID TUTE EEnEEAnnremeennnneneneenernerreen eee 


80783g payuy) 043 Uy 


"ur ‘areIp 


ssnez ‘pray aod 


eporjsed 
jo ody 


auTqoVUr 
jo adAy 


woye8007 


qouse yy 


SNOULOTOANOMHONAG anv SNOULOTOAY ‘S'S AIAV I, 


8-190 


NUCLEAR PHYSICS 


OFT 


rr6l 


@ “Jor Gt poyst'y] 


6F6I 
VOYN 


JO} aoronysuoo sopuy 


osé6r 


Se6T 


TS6T 
FP6I 


TS6I 


syIeutes 
‘uorjesado 4sIg JO 238q 


— () 8 07-08 |. 


(p) 87 OST 


Br 02 


asind 
/sopotyred gOT ‘sdd OZT ‘eyed asind ‘en ¢-9 xoiddy 


2010/998/FOT~ ‘feusazUr *Z019 OT 

JOAO 2010/908/OOI~ ‘TeUl9}X9 -sol}ISUsz}UI UOSseT[ 
agind/sopryszed ,Q[ xoidde ‘sdd gg Ayyensn 

‘sdd 96 03 08 aqelsVa 2481 osind ‘e | xoidde :uiveg 


(p) 8 { 


JaqUN0d WeIp-Ur-C/"] & YIIA poinsvoul 
4% ABW OST 203 wT /N00'G~ 04 4 AoW OST 105 UTEH 
/O1 X Z~ Woy sosues surveq poyeuuyfoo yo Ayz1sUa4 
“Ul ‘4% AQ OST pus _x Aa] OgzZ 07 dn opqerreae 


SUIGoq UOSIM [eUla}Xo aIqQUS() :SeljISUa}UI VOSA; 


astnd 
/soja1qz8d 101 X J 04 [ ‘sdd Qg~ ‘et Z a4 | :uvag 
(p) [eusozxe wr g ‘FeuIE}UI V7 OOZ 

+ ABW SST *998/,019/000'0G 

‘eulaqzul '4o81e} WoI 4} OZ Wvaq pesnooy UI _»v 
AIW OT 298/z,019/N0E ‘[eUseyxq :SeryisuazUl WOSoy 
_ agind/seporyzed p01 X g ‘sdd ogg ‘e7 Ov] smeag 


"040 ‘soTjIsua}UI UOSeTT ‘Yep aspnd 
‘(qpotjAed) JUaLIND UIvEq ZA¥ ‘sOI}S[I9}IVIEyO UvIg. 


— (panuyuo)) SNOULOIOXOOMHONAG GNV SNOMLOTOAD ‘Z-1g ATaV, — 


18 ost 36 i«d|(soG 
| 8% 
eee 000‘FT oF ¥% 
7 ZI 
« * 9 
eovee eecceer eo oeaeseenee 02. 9 
008 000‘9T 96 00T 
09 07 
009'2 000‘ST yl “gge 
Or 
Gg 000‘ LT 9¢ ae 
02 
0zg 
002'2 009‘8T OLt 092 
ee ae a 
002 000‘91 09 (p)9T 
LSP‘ 00¢‘02 OFT Ost 
st10} st _. | ‘aL ‘orerp 
ssnva ‘ 
4q310M i aod 
AIW 
‘ABIOUY 


| qouse yy 


aAas 8 8s. 


3 a 


am] 


sass a 


d 


aponsed 
jo odAy, 


140 
149 
149 


[40-o0fg 


14D 


[4o-audg 


ese) 


Ao-oufg 


oUIYOVUl 
jo addy, 


‘reese MSISATO) BUBIPU] 


ee esveces ees -SIOUNT] jo APISIOAIU/) 
Spee pees were BROT el4sjoy 
reeseceeceeres KagiQAtat) PIVAICT 


cee e ee cence 09 911999/7] [ez0uex) 


eee eee eee eee Ans 13. ATH n erquinjog 


CC er) oBvo1qy jo Aywsloata) 
WOPUIYSE AA JO UOTINANSUY aZouIeQ, 


qaingsyid 
*AZojouyoay, JO a4NztysUy sdauIey 


wOYyeo0'] 


PS6T ‘uoT} 
-ohdjsuod Japun ..pazioday 


8-191 


6861 


1P6T 


1S61 


@ "Jor Ur poysyy 


SF6I 


8E6T 
TS6T ‘LPT WMQel ‘ogET 


PARTICLE ACCELERATORS 


L¥6I 
Seer 
OS6T 
oS6r 
6F6T 


SsULYOROL UepIOxSUTY: 04 AepIUNTG 


pezdyeue jou ‘ureeq ;euseyxo (2) er QT ‘(p) en oF 

— suoIeqNap Ae-G] QUA 

XBUl Br 08 pauleyqo aAvy ‘() eV gg ‘(d) en OL 
‘(p) BM QgZ ‘s}eB18, jeuse}xa ‘syuaiano [BWION 


(2) (P) BH 002 
‘(2) en gg ey Zuryeiedo Apeays ‘ureaq peweped 
-™ Joy ppats yey) eH “opto WVIp-"uI-F] 
AsW T + 0G jO suosoul ,« Qgg‘cz xoidde ‘yaa104 
Wold} 4J 8 Jnoge 48 + (Wea ¥-]-Q) :sarjIsuozUT UOSO 
yadINd Ulvaq Ul (¢ X) esvauoUT yUAIad [IM (CG61) 
SUIplarys Mau yey azedionue ‘sdd QT ‘er t'Q :‘mvag 


(2) en g ‘(p) en Og ‘ureeq peuseyxq 
*y33ua] asind ‘sdd gog'] ‘ay¥84 astnd fe | 
1x9 WO0d 

43 08 Joqurego Suls99}¥808 ut Treaq pazAjeue jo Bt ¢°] 
ses raat er "Ok ey er OCT 


i i 2 2 


cast O1-¢ 


Ce 


[vulezUI 871 QOCT 
poyoepop v7 7 ‘TeusequI ve OO] 
[@usajzUr Vr QQQZ 
101}0B1}Xa 89} EP TIIB] 
Uor}eIVdas y1qQIO ‘sadgUO papjarys Aypeorjeuseu &q 
WOH0814X9 ‘zaquIBYyO TINNIeA WIVIP-"ul-g ‘sdd 000‘T 
0} 00G ‘osind desr-g[-Q~ ‘Bae due 4 OT 0} s-Ol 
Jaqureqo Sut944e08 er | ‘yeuI0}4x0 en QQT 
(0) et 2-9 
(Pp) &7 001-0 
(2) ert ¢2-0 


ee 


9781S PU!) 949 epis}jno 


8T 


6 


81 


eee eeeoresece 


000 ‘FT 


008 ‘FI 


Peeve ere nner esansees 


000° ST 


eer eee eee esee 


000‘LT 


002 ‘9T 
008 ‘61 


000‘9T 
008 ‘FT 
008 ‘8 
00S ‘ST 
00F ‘9 


(@pour 49}-g¢z 103) 
0L9‘T 
0088 


oe eevee rere evene 


000° AT 


So eee nee 


o8T 


3°98 
g¢ 


LP 
Lb 
98 
£9 
8g 


oy 


oP 


a er ) 


0r2 


(P)FT 
9% 
62 

+0'G 10 GT 


eneoe. 


20 
Pp 
Pe) 
d 
Pp 
d 
P 
re) 
Pp 


as 8 a 


as Yrwo 


Ureaq Pasnoo} [eUIE}xa Ut ABT G°gT 


“UL OG 40 TT “pes Wag Om} Jo Jay} 48 UOTyeIado 10} Peg] Ut uepoutey ‘a 


' tho-auAg 


149 
49 


149 
149 


[Ao-ousg 


149 
[£o-oudg 


149 
149 
149 
149 
149 


[40 
0029091] 
149 


149 


“f Oe © 0.8 @-0 8.e ewe ee eee he eee “suljuasry 


ee ey 


‘ ApsIoAtay) ope x 
“"SMOT “4G ‘AqisioATA/) WOZZaIYSB AA 


“aptog ee ‘MA jo Aysaoaqu i) 
a A car AJISIOAIU (1) ae 


eee renwne * 494800077 jo Aqtezoaruy) 
Treeeeeeees sees Aga9ar enpimng 


Tereceeeeeses Kasay) woyoUig 


tee econ “ysinqsyitg jo AfSIaAtu(} 
Tetreesesees Kuga 93899 Orug 


***A10;BIOGB'] [BUEN eBpny yeO 


ese wae 4£109810qe'T Yomwasay [BARN 
oe eee eceaes UvsIyOIA jo Anema 


AZojou 
-yoay, jo aanysuy S}Josnyousse Jy 


NUCLEAR PHYSICS 


8-192 


rd ‘Jor ul pe}sty ee meee rere reer ee eee ree reer esseereeeeeseeseseree es f| Fee ee eer eo F jkv#Heevaeseevore “Ul OI CLI a [4o-0uAg ey Kz wig 8 | ‘qUaUIYST] 
-quisy Yoreesey AZ1euq OTMIOZY 
{UIepIG yeoIr) 


PS61 ‘uo1}ON13SU09 Japuy) em etree tee meaner ores eee nese meena eso esresereeerseese fF eee eeenee $F woes eeereeneree jf sreeeeves of p 49 ae ‘wu0og jo A}ISIBATU() ‘yisAqd 
Ulay pun wsqesyg Inj INgyQsU] 
0 Bioqiapiay ‘Zan 
d “Yosiog “pay yyNsUy Youelg 
PGI er 08 08 000° LT wd TOT all P 149 xe UT RSG sn} Ins] 
: AUBULIOS) 
00 
p 930A X-aNS-Uy ‘Z xog ‘anb 
PS61 Cr ee 022 000 ‘ Cl wo 091 OFT u 149 -1W10} a1320ugy | e qBLIBSSIOIVIOL) 
:90UBl 
er 002 OF 000‘8T wa 06 Ol p 149 eee reer eters enaeen uazeyuedoy 
‘soisAyq [¥01}0I00q J, 10} 89N} 1480] 
. BP RLANUCTE | 
wold} yA OlM}UH ‘uopuoT 
LbGL | -oUseUT apquuny U-pT ‘sastnd oasr-g ‘sdd ggg ‘et gg) “°° 000‘T wu ¢¢ g a uos}0a,q | ‘orezUG UsEzSe44 JO AjsIOAIUL) 
6F6T agnd/seporyed or] X § ‘sdd 00g ‘er T G92 O0F ‘9T “Ul @8 oor d [fo-oudg | °** pearquOWy ‘Aysraaray) [INOW 
:epeuey 
eS61 2106} 89 000‘8T 019 $6 eI ?P eee UIBANOT] 
-d9[JaAaTy ‘UIBANO' JO AzIsJaAIT() 
smUNIsag 
. 01-8 2 
SS6T a SP 009‘ZT “Ul OF S-F Pp BIO} 
OI-¢ d 149 “O14 ‘auInog[aWy jo AzIss9alT lf) 
uoyyomqouds Asg-OT ‘LOY ‘vasqueg 
oq} Joy sozoafut = ‘FCeT en | CZ 000 ‘SI "Ul QZ g d 49 ‘AVISIBATT() TEUOYSN ueqeISNY 
; BITVISNY 
suo} sene8 “prota “Ul ‘UIBIP 
‘24310 ; 919d . 
syvulel *999 ‘saljIsuajzUI UOSsouT ‘B}ep as—nd ASW gpaed | saurqgovul noryeo0 
‘uorzeiedo ys1g jo a48q ‘(Q]931ed) YUoLIND Uva FAe ‘sor}sII9zIVIVYD WBE ‘ABrougq | JoodAy | jo adAy, iad 
qouse 


(panuyuo)) SNOULOIOAOOMHONAG GNV SNOULOIOAD °Z-18 FAV, 


8-193 


PARTICLE ACCELERATORS 


Z “Jol Ul paysry 
8G6I 10} pozoeforg 


TS6T 


6E6T 


Tg6T 


PSG] “UOry 


-oNJ}su09 Japun pez0deyy 


G “Jol UT pozsry] 


6r6T 


osé6r 


@ "Joa Ul pozsry 
G6] poyeunsy 


oS6T 
8E61 


fe ee 2 


sdd g¢ 


agtnd/soporysed or QT X Z ‘sdd oF ‘e” QT 


(feusezur) er QQg 


(Teusaqur) 8 O¢Z 


IQeIeAw you uordi1oseq 


ert 08 


aM 0Z 


a re) 


agmnd/saporjzed oiQ] X ¢ ‘sdd 0g ‘e” 770 | 0¢'9 


ert 0g 


(p) pozAyeue ‘en F ‘yeusoqut ‘er Qog 


oso 


29° 


092 


Comer voerereee 


000‘OT 


009 ‘IZ 


009‘ST 


(xeul) 00$‘8T 


ee ee a? 


OLS‘sI 


000‘ST 


000 ‘9T 


0L0‘T 
00091 


00¢ ‘ET 


Wd O0T 
to 00s 


mo Oz 


wo 08 


“Ur TL 


Wd ¢9 


“Ul 9€ 
“Ul OST 
“ul Og 


“Ut LT 
“UIg gE 


“Ulg'T9 


o6T 


(P)L 
(suot wad 


~4x0) 00 
(D)og 
(P)g2 


a a ry 


G°1zZ 


young ‘afnyosyooyy 


149 syostuyooe ys, ayosissouaspry 
[Ao-ouhg [°° "BAUOE) (NWA) Yortosay 
IvajoNnN JOY plounoD uvadoiny 
:pURLIIZ}IMG 
[Ao-oudg Ce ey eesddy) jo Ayts 
“JAM. ‘AT}stOEYD IvapON Ny 
Joy agnzyjsuy ssuleA, Jeisny 
149 
—— UOYAOIG 
149 ‘soisAgg JO} aynqrysuy peqony - 
sUapeag 
BOI g 
49 ‘Arojeiogey] [vosAyg jeuonen 
:BoLY YyNog 
t49 "** peazutue’y ‘seouatog jo Auta 
“PROV USSN ‘e9nIYWsuy unipey 
SBISSNY 
UIBpIaIsMY ‘HoozZopug_ 
[Ao-ousg | ‘yostsXyduley = 100A 97N}1}SUT 
SpuvpJeqjaN 
Ce nn oAHOL ‘ny-oAHuNG “pyT 
‘aynztjsuy =youvasay = yVUOINY | 
sueder 
149 ot | 
pAo-oudg [°° **'''* poodseary jo Apts9AlU) 
eee eee foe ‘uopuo'y ‘TBydsopy YytwsiaW 
“Wey ‘[ounoD youwasey [eoIpeyy 
(j49 409 ]9) uopu0T ‘ado| 
WOPOLOTPY | -[OD Aqissoatus) “4deq soishyg 
149 eee ae aSprquien jo ys 
“IAIN ‘soishyg Jo JuawyEdeq 
weyqsurMnig 
“149 jo Aysioamay ‘4deq sowAéyg 


‘NUCLEAR PHYSICS 


8-194 


PS6I Udy 
CPL ‘Yore 
Ly6l ‘dy 
SF6T ‘raquisd0q] 
CF6E ‘Tudy 
SFG ‘IaquIeAO Ny 


2g6r ‘Arenuesr 


O96 ‘Azensqeq 
8P6T ‘Jaquieydeg 


TP6T ‘sequiaydag 
Gh6r ‘Aine 

LP6l. ‘ACW 

ere ‘snany 


(uoryesado yoseasel) OS6T ‘fldy 
adA} pastiq-play 
‘padloj-xny ‘6p6T ‘Jequiaydag 


OS6T “Gore 


. “Syieurel - 
‘uoneledo ys1y jo ay8q 


08 
[je ‘UI-g ‘sapurpso 
auaiAysAjod *Ul-QOT 


Stl~ 
00r~ 
00T 


GZ 
007 


 000'SIY > 
wd £°6 X GIT X I 
yooiq Ty ut 

AW GL ye UIU/ sus OZ 
wo ¢°6 X SIT X 81 
qoorq TV ut 

AaW ZZ 38 UIU/s OL 


peal jo “ur 8 


Pee ee ee eee ee UID 6 Q 


“ar g's X FS] O8T 09 FZ | [OOYOS [BOTPaY ApsIOATU/) TOYsUTGSe MA 
CE ete Uae a “* | ‘urg’g cy “mugs XS, Ot 09 cS IIT ‘puURys] Poy ‘[euasry puss] yoy 
af Sidr ee te: Bier er 8: ae Pere ar wo 61 fp “ul g x CZ O8I Ay 1g GZ Soe PB ae TN ‘19A0G ‘jetllesry AUUIPVII 
pip Saad sh enteiin ee Wd 1°61 g jeao ung X8| OST 02 CZ sreeeeeessc@rmpapAsauad JO Apss9Alu () 
Baz Vt 10 “Ol X & | WS 'ST g opisul “ule X Z| OST 99 G% £107810QB] o1vasey [PABN 
. WOT}9es ; : 
oOT X SOT | “US'S € ‘ut bs gy ‘QIU gL) 026'T ¢F 1) i "++ A10j810qB'] GOUBUpIC [BAEN 
[etpet 
IS pele eave elise aie ew oc as ges “ul CI GZ] “ul GZ'e x yay "Ul GZ | OST OF 0g a ‘spaepueyg jo neoing [euoKneN 
sdd g i a 
das 0OZ'T-T ‘s[Nd | “UL T9'8F Ose [eao “UL OT X G2°g] 09 oot Ore 
OT | 9 9¢ p jeao DZ X 9G) 09 td 08 
oasn og ‘asind 
BurzeNIII9 «OT X 9 (a@[n3uez001) 

‘Teusa4x9 .OT X L | HO OZ a wo g'g X 86} O8T cP | rn na SIOUNT]] JO AqISIOAIT/) 

eee eee eer eseeve eee “a GZS T "ur O'e X SLi Org 0¢ et 

ee “al ¢" Il 6 “ul ge 4 cL O8T 0¢ 54 
arr ati aia Ne) G21 "arg XS] 09 OL OOT |° °° Apeyoauaqog “of S1a;09]q [e1eUeL) 
CE Sees S| UL ge. OFT _ Yeao'ury, xX F| 09 09 oor jn "** BRIT Jo Apisr0aray) 

(apis}zno) 

Pe ee ee wo CZ LT ¢ “Ul GL < Zo OT - OF. GZ ee eee oeea AZojouygd9 J, jo 94n44suy ase) 
‘* SOMIRTY sO] ‘eUIO; TVD JO AFISIOATU/) 


sOT-s0T | M9 6T 0 


‘urge XSLT! O8T 09 ve 


soqeag Poway) O49 Uy 


QpIsul TW | 4e UIUL/4 see /enpeyet : (ng + 94) suOIsUaTIIp sdo Ady Bethe 
snipel | yaugzeur |  uoras-ssoio  —[‘Aouanbaay| ‘ABJaua che - UOTYBOOT 
#0 | jo ydaqy | sequeyo wnnoe, =| guBuosey | uoIyofT] mone 
xe 


wreg 


SNOULVLEG “€-18 AIAV | 


8-195 


‘ACCELERATORS 


4 
i 


PARTICLE 


(Teyidsoq ut) T96T | 022 OT X 200 WO g' Fs | su0rg's | (Onde) wog x g 0g Sh “Te |** (tevdeoqy yeuoqae) young, ‘983 
“ISIOALT() JOp 4NYSUT soyoSTeysAyg 
:pUBpIOZ UA 
SP6T 9°0 — wrxe Wd ¢°6 3% 008 (ondys) M99 xX g | . Og 0S-0¢ Gp tss sss sss saaroqy904g 
‘ _— ; ‘Hey ysyeyist{y IO} ustoennqysuy 
: . aoe : suapemg 
@ ‘joa UL pozsrry SCOP eCooreccereere a eon Wd 0Z ee evene Oe ae a a rs oe | eeaee 91 - aad a rey * APSIOAIU) P10}JXO 
ae , | oe |. 4948099 
@ °jJaa Ul paysr'y Penang net a @eeeseeene gf seaesvseas ce sneee eensevneeve PS ei ce ‘ eee Fo pease 02. -UBj “prt ‘SI9HOLA uvyyodo.oW 
Clas ce. = : a i . . “UTS FBOry) 
PSGT Mouyoe fs eo Sane’, be 
AIW-GE B BuIpying ose ‘F761 0%. ; atOl X °F. - wo ¢'OT 384 06€ — HSE XK OL 0s a aT 


ous Yorwoses 10} yINq sedAy, | oe ATX OT wo ¢°8 3% 096 . WNgZXx FA og 7 9 "* deBuvlIG ‘axle M\-Je4 u1ey-suowarg 
Z “J21 Ul poysry eae eee e eee weer ewe ee Faas tee rs SERS cee eeee eee | wae ee cS] "QSL, ‘FBISUBISyONSIEA YOARZayy 
. :AUBULIA£) 
a710N] Jo 00} 
SP6I | Wo F episur urTH/s QZ erates - [epow srempeyD-sTTy prepueyg 08st 09 98 | -Byseg ‘ueMmoyoyEysEG Jo AzIsJ0ATI) 
sepeuey 


88989 PaIT] 949 epreyng 


+ ; ‘ ; 4 g % 
prof jo “ur & esihd /suomarq 


ate . OPISUI W {48 ura/s (ng + oa): ‘suowsuourp sdo Aa ieee 
ei cabaai De : youse Ww _ WOT}Q008-88019 ‘Aouanbeay| ‘AZJoua ees uolyB00"] 
*uo1jBlado 481g JO a38q : 0024929 | 


Jo 94810M | sequreyo umnoe,A | queuosey | uonafuy 


xe 


weg . 


(panu1ju0d,)) SNOULVLAG “§-18 FIV], 


8—196 NUCLEAR PHYSICS. 


TaBLE 8i-4. ELECTRON 


Orbit 


Beam Solace 
radius, In. 


Location 
Type, weight, flux bars Gap, in. 


In the 
University of California,| 330 | 500 to 1,000 r/min 1 m 39.4 Three-leg, 136 tons, 214| 3.7 K 4.75 
Berkeley from target. Internal in.2 X 78 in. 
beam, 108 electrons per 
eee : pulse reach target : 
California Institute of | 500 | 7 X 1012 Mev/min after) 138 Distributed, 155 tons, flux} 13.5 & 20 
Technology collimation through §-in.- return both inside and 
diam hole 140 in. from; outside of orbit 
target, approx 101! elec- 
ee trons/pulse 
Cornell University...... 420 | Approx 101° electrons/ ~140 Distributed, 20 tons, 26} 3.25 X 5.5 
pulse (strong-focusing) ft diam, 13,000 gauss 
General Electric Co. 70 | 1,500 r/min at 1 m inside 23 Three-leg, 8 tons, 21.25] .......... a 
Research Lab. + is lead 10!° electrons/ in.% X 13.75 
pulse 
300 | 700 r/min at 1 m inside 4 24 Air-core, 16,000 gauss, 
in. lead 10° electrons/ peak 
pulse Axe 
Towa State............. 70 |{800 r/min at 1 m inside } 11.5 Servo-controlled alterna-| ............ 
in. of le tor* 
Massachusetts Institute | 350 | 108 electrons/burst; about 40 Distributed, 51 tons 2.93.5 
of Technology 2,000 mesons per burst 
a from an avg target 
University of Michigan..| 350 | 10° equiv photons/min, 40 Three-leg, 16.5 tons, gap, 3.5 X7 
10’ electrons/pulse in middle leg, no flux | 
bars 
National Bureau of 180 | 10,000 esu/cc/min, 2.8 33] Two-leg, 150 tons, eylin-|  ............ 
Standards) esu/cc/pulse, at 1 m in- drical flux bar, 
side } in. lead : 
Naval Research Labora-} 100 | 108 electrons/pulse, esti- 30 ‘Air core, 400 Ib Cu, 180; 1.62 wide 
tory mate in.2 X 120 in. 
Purdue University...... 290 | Central beam Q: 10°/min, 40 Distributed, 51 tons, 240| 2.93.5 
107/pulse through 1 X in.? X 27.5 in. 


0.62 in. at 1.5m 


Type, weight, flux bars 


Outside the 
Royal Cancer Hospital, 30 | X rays, 8-9 r/min at 1 m, Central poles with 8 
London . unfiltered co return paths, | | 
Ons 
Clarendon Lab., Oxford..| 125 | 301r/min, 0.01 r/pulse, at Split C, 9.75 tons, 64| 2.25 in. high 
1 m inside } in. lead, in.2 X 15 in. 
2 < 108 electrons/pulse 


University of Melbourne 21 | 1 r/min, 3.3 X 107* Three-leg, 0.5 ton 
. r/pulse, at 1 m inside 4 
cm lucite, 2 X 10° elec- 


trons/pulse 
Queens University, 70 
Kingston, Ontario 
Lunds University, 35 | 2r/min, 7 X 10-4 r/pulse 20-leg, 1.3 tons, 3.5 
Sweden at 1 m inside } in. lead, em? X 19.7 cm 
|. 109-109 electrons/pulse 
Addenbrookes Hospital..| 30 
Atomic Energy Two 25 
Research Est. 
Glasgow University, 25 | 
Glasgow, Scotland 
University of Johannes- 13 


burg, S. Africa 


*See J. Appl. Phys. 18, 811. 
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SyNCHROTRONS 


Magnet 


r-f system, type, freq. 


Vacuum chamber, peak power, gap V 


Injection, type, energy; 


at injection /end 


8-197 


Date, first operation 


Fin ae material opening, in. (operating) betatron phase 
pps cps 
United States 
6 32.1 | Fused quartz, 2.63 X | Self-excited, class C, 47.7 | Hot-cathode gun, 100} December, 1948 
5.38 Mc, 6 kw, 3.0 kv kv/2 Mev 
120% feds 0.030 in. stainless steel, | MO-PA, 20.3 Mc (twice | Pulse transformer, short | July, 1952, designed for 
9.5 X 38 the revolution freq.),0.6 | accel. column, 1,000 1 Bev, rebuilding 1954— 
» 6.0 kv kv/no betatron phase 1955 
30 30 Pyrex, 1.87 X 6 Self-excited, 47.5 Me, VdG, 80 kv/2 Mev 1953 (300 Mev) rebuilt, 
5.5 kw, 1.9 kv 1954 (420 Mev), 
a. designed for 1 Bev 
60 60 | Porcelain, 2.25 X 4.5 | 163 Mc, 0.06 kw, 0.5 kv | Pulse transformer, 70 October, 1946 
5 kv/2 Mev 
12 300 Porcelain, 2 < 0.1 77.8 Mc, 20 kw, 10 kv ‘| Pulse transformer, 80 January, 1954 
kv/3.5 Mev 
Bac Gode wesies 52. | 1.62 XK 3.25 163 Mc fo oo 60 January, 1950 
Vv 
: 2 Slip-cast steatite, 1.8 < | Self-excited, class C, 46.5 Two-electrode, 80 kv/7 | February, 1950 
6 (later) - 6.0 Me, 7 kw Mev 
20 20 Ceramic, 2.25 X 6.75 Two stages: FM followed | Electron gun with pulse | August, 1952 
by FF. FM: 26.4-32| transformer, 500 kv/no 
Mc, 4 kw; FF: 32 Mc, | betatron phase © 
5.4 kw; 2.0 kv 
60 60 Pyrex, 4 X 7, elliptical | Cavity, 57 Mc, 1.5 kw, | Lanthanum boride cath- | February, 1954 (180 
1.5 kv ode, 60 kv/1.5 Mev Mev) 
1 250 Pyrex, 1.12 diam Cavity, class C, 1,250 Mc | 35 kv/4 Mev 
(20th harmonic a revo- 
lution freq.), 15 kv : . : 
2 High V porcelain, 2. 12 MO-PA, 46.1 Mc, ~1.5 | Outside-radius gun with | March, 1951 
4.(later) kv pulse transformer, 70 
kv /2-4 Mev 
Magnet 
‘t-f system, type, freq. | Injection, type, energy; | 
Rep. | Res. baad at iota peak power, gap at injection/end Date, first operation 
freq., | freq., pening (operating) betatron phase 
pps cps 
United States 
50 | ..... 4.5 X 2.5 cm 478 Mc, 4 watts, avg | Kerst, 3 electrode, 50 April, 1949 
~100 V kv/gain, 10 ev/turn : 
50 50 | Lead glass 1 X 3.5in. | MO-PA, 102 Mc, 2 kw, | External-diode gun, 60 |-October, 1952 
at 0.5 kv kv/3 Mev 
50 50 Porcelain 3 X 1.75 in. | Self-excited, grind grid, | Kerst, 3-electrode, 25 December, 1949 
480 Me, 20 watts, 0.15 | kv/2 Mev 
-kv 
wlatatach Glues | iA ares ate. | GAME ti oe deetuee cht Gen eaten Santen Oey eee hae Lanthanum boride cath- | March, 1950 
e 
50 50 Pyrex 5.3 X 7 cm Pulse transformer, 18 January, 1949 


eee veese 


PGT, 238 Mc, 50 watts, 
0.2 kv 


eevee eoeeeeeeeeeneoesee 


kv/2.5 Mev 


Listed in ref. 7 
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8j. Fission-product Chains and Yields 


D. H. PERKEL 


Aerojet-General Nucleonics 


L. LEVENTHAL 


Tracerlab, Ince. 


L. R. ZUMWALT 
General Dynamics Corp. 


8j-1. Fission-product Chains. Table 8j-1 comprises a listing of the chain relation- 
ships and half lives of nuclides produced by thermal neutron fission as reported in 
the literature up to approximately November, 1954. 

The conventions adopted to describe these data are those employed by J. M. 
Hollander, I. Perlman, and G. T. Seaborg (HPS) in “Table of Isotopes,”” UCRL-1948, 
revised, December, 1952,1 and in Appendix A of “‘ Radiochemical Studies: The Fission 
Products,” Book 3, div. IV, vol. 9 of the National Nuclear Energy Series (NNES?). 

A half life given in parentheses indicates the nuclide has not been identified as a 

fission product; a half life given in brackets indicates a limit on the half life has been 
established. The symbol + means that the transition does not occur. : 
_ Since HPS represents the most recent compilation of data, references are given only 
for data differing from HPS. Data which do not appear in HPS are designated as . 
follows: A horizontal line below the datum or a vertical line to the left identifies the 
source as NNES; a horizontal line above or a vertical line to the right of the datum 
indicates its mention in the General Electric ‘Chart of the Nuclides,” 4th ed., Novem- 
ber, 1952 (GECN). References for Table 8j-1 are given on page 8-212. 

The degree of certainty of assignment, where it has been evaluated, is indicated by 

a letter (following Seaborg): 

Element and mass number certain 

Element certain and mass number probable 

Element probable and mass number certain or probable 

Element certain and mass number not well established 

Element probable and mass number not well established 

Insufficient’ evidence : 

Assignment probably in error 

Absence of symbol means there has been no assignment of degree of certainty. Assign- 
ments are shown thus: : 


Os nUOwD 


7 | denotes GECN 


t | denotes HPS 


1 Revs. Modern Phys. 35, 469 (1953). 
_ © National Nuclear Energy Series, McGraw-Hill Book Company, Inc., New York, 1951. 
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References for Table 8j-1 


1A 53. Ames, D. P., M. E. Bunker, L. M. Langer, and B. M. Sorenson: Phys. Rev. 
91, 68 (1953). ! 

1B 52. Bergstrom: Arkiv Fysik 6, 191 (1952). 

1B 53. Bunker, M. E., R. J. Prestwood, and J. W. Starner: Phys. Rev. 91, 1021 (1953). 

1B 54. Bernstein, W., S. S. Markowitz, and 8. Katcoff: Phys. Rev. 98, 1073 (1954). 

2B 54. Bunker, M. E., J. P. Mize, and J. W. Starner: Phys. Rev. 94, 1694 (1954). 

1C 51. Coryell, C. D., and N. Sugarman: “Radiochemical Studies: The Fission 
Products,’’ Book 3, div. IV, vol. 9, National Nuclear Energy Series, McGraw- 
Hill Book Company, Inc., New York, 1951. 

1C 53. Caretto, A. H., and S. Katcoff: Phys. Rev. 89, 1267 (1953). 

2C 53. Coryell, C. D., P. Levegue, and H. G. Richter: Phys. Rev. 89, 903A (1953). 

3C 53. Cunninghame, J. G.: Phil. Mag. 44, 900 (1953). 

1F 52. Fremlin, J. H., and M. C. Walters: Proc. Phys. Soc. (London) 665A, 911 (1952). 

1F 54. Freiling, E. C., L. R. Bunney, and N. E. Ballou: Phys. Rev. 96, 102 (1954). 

1G 52. General Electric: ‘Chart of the Nuclides,’’ Knolls Atomic Power Laboratory, 

- 4th ed., revised to November, 1952. 

2G 52. Goldhaber, M., and R. D. Hill: Revs. Modern Phys. 24, 179 (1952). | 

1H 52. Hollander, J. M., I. Perlman, and G. T. Seaborg: ‘“‘Table of Isotopes,’’ UCRL, 
1928 (1952). : 

1K 53. Katcoff, S., and W. Rubinson: Phys. Rev. 91, 1458 (1953). 

1L 53. Langer, L. M., R. B. Duffield, and C. W. Stanley: Phys. Rev. 89, 907A (1953). 

1M 53. MacGregor, M. H., and M. L. Wiedenbeck: Phys. Rev. 94, 138 (1953). 

2M 53. McCarthy, J. A.: Phys. Rev. 90, 853 (1953). 

3M 53. McGinnis, C. L.: Phys. Rev. 94, 780A (1953). 

18 53. Schott, G. L., and W. W. Meinke: Phys. Rev. 89, 1156 (1953). 

2S 53. Stehney, A. F., and N. Sugarman: Phys. Rev. 89, 194 (1953). | 

38 53. Swinbank, P., and J. Walker: Proc. Phys. Soc. (London) 66A, 1093 (1953). 

1S 54. Steinberg, E. P.: private communication, 1954. 

1T 54. Thulin, 8.: Phys. Rev. 94, 734 (1954). 

1W 52. Wahl, A. C., and N. A. Bonner: Phys. Rev. 85, 570 (1952). 


8j-2. Fission-product Yields. The accompanying tables, presenting the experi- 
mentally determined yields of the fission products, are based largely upon those in 
Appendix B of ‘“Radiochemical Studies: The Fission Products,”’ National Nuclear 
Energy Series (NNES), div. IV, vol. 9, edited by C. D. Coryell and N. Sugarman, 
1951.1 The data in the NNES tables have been augmented by the results of radio- 
chemical and mass-spectrographic investigations published subsequent to the com- 
pilation of the NNES data, to about November, 1954. They include newer values of 
yields in neutron-induced fission as well as yields for charged-particle induced fission, 
photofission, and spontaneous fission. 

The nuclides measured represent members of the beta-decay chains close to the 
stability line; the yield of each tabulated nuclide in general includes the yields of its 
precursors in the chain. Where independent yields have been measured, they are 
indicated by the prefix 7:. Since each fissioning nucleus gives rise to two fission frag- 
ments, the sum of the yields of all fission products for each nuclide is theoretically 
200 per cent. The small amount of ternary and quaternary fission is generally con- 
sidered negligible in yield computations. 

Gratitude is expressed to E. P. Steinberg, R. W. Spence, G. P. Ford, and J. M. 
Hollander, for their valuable suggestions and assistance in the compilation of these 
data. References for Tables 8j-2 to 8j-8 are given on page 8-225. 


1 Published by McGraw-Hill Book Company, Inc., New York. 


(ee nneeeememeemneeeds Sommemmmnenmmmemmenseetmnemmmemmnemmmmnemmenel (ren reer enn a ee 


101 
102 
102 
103 


105 


105 
106 


109 


FISSION-PRODUCT CHAINS AND YIELDS 


TABLE 8j-2. THERMAL-NEUTRON Fission YIELDS 


Nuclide 


Zn? 
Gaia 
Ge77 
As? 


Ge78 


As78 


Se8lm 
Sel 
Br82 
Se83 
Br&3 


Krs83 
Br84 
Krs4 
Krsim 


0.008 (81) 
0.010 (S8) 
0.018 (S1) 
0.019 (S8) 


U285 


-56 X 107§ (53) 
.0 X 107¢ (53) 


.0037 (54) 
.0023 (S5) 
.0067 (85) 
.0091 (54) 


0.70 (81) 
0.79 (88) 


.85 (S81) 
-6 (S8) 


0.21 (G2) 


.24 ($1) 
.28 (S8) 
.064 (G2) 
.047 (81) 
.040 (S8) 


See page 8-215 for footnotes. 


.02 (54) 
.018 (S5) 
02 (54) 
1: (1.8 + 0.6) X 10°78 (85) 
.020 (S85) 
.008 (61) 
.133 (61) 
133.5 X 1075 (62) 
.21 (59) 
.48 (Al) 
-40 (59) 
.586 (T1) 
.65 (58) 
.09 (T1) 


. 33% of Kr88 (K1) 


0.317 -(T1) 

0.24 (69) 

2.09 (T1) 

#:3.1 XK 10°5 (G1) 
4:1.8 X 10-4 (71) 
70% of Kr88 (K1) 
4.6 (76) 

3.2 (G2) 


5.0 (73) 
5.9 (75) 
4.0 (G2) 
5.0 (73) 
5 (79) 
.0 (S3) 
.4 (247) 
.2 (G2) 
.2 (83) 
.1 (R1) 
.2 (96) 
.9 (W5) 
.2 (F5) 
.4 (W5) 
.1 (W5) 
i: <5 & 1077 (118) 
.7 (108) 


.52 (103) 
38 (H2) 
15 (G2) 
028 (217) 
017. (119) 
.026 (E1) 
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Pu23? 


1.1 X 1074 (219) 


0.080 (219) 


~ 


-8 (219) 


.3 (219) 
.8 (219) 


.6 (219) 


.3 (219) 


.1 (219) 


-5 (219) 


.7 (219) 
.7 (219) 


.0 (219) 


mr fn errr NS [pt nN 


115 
115 
115 
115 


115 


117 | 
121 
123 
125 
125 


126 
127 


127 


129 


129 . 


131 


131 


131 feet 


131 


132 |. 


132 


1383. 


133 


133 


133 
134 


134 --: 


Nuclide 


Cds 


Total chain 
Cdus - 


‘Cau 


Sn121 
Sn 123m 


Sn 125m. 
Sb 125 


Sn 126 
Sb127 


Tel2tm 


Te 129m 


| Xe129 


Tel3im 


Tel31 
jp181 


Xe 
-| Te182 


Xel32 


r Te138 


[133 


Xel33 


Cg183 


Tel34 
[134 


re 


.001 (S1) 
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.022 (S1) 
.025 (S8) 
.015 (G2) 
.014 (S1) 


.016 (88) 


0.001 (S88) 


oe eevee ee eee © 


.018 (82, 88) 
.0025 (G2) 


.092 (81) 
.101 (S8) 


eh 
ee ee 


ee 
ee 


.016 (S1) 
.019 (S8) 
.020 (S8) 


eoeee ene ee eo ee 


.054 (S82) 
.050 (88) 


Ce ee ee 


.067 (G2) 


.22 (G2) 


.4 (G2) 


See page 8-215 for footnotes. 


0 
0 
0 
- 0.0083 (217) 
0 
0 


.018 (123, 217) 
.016 (G2) 
.018 (E1) 


011 (119) 

.018 (E1) 
i: 0.0078 (W1) 
8 X 1074 (125) 
i: <2 X 10-5 (W1) 
7.1 X 10-4 (W1) 
0.011 (127) 


0.020 (217) 
0.019 (E1) 

4: 0.0027 (W1) 
0.0098 (W1) 
0.010 (128) 
0.014 (82, 129) 
0.0012 (130) 
8.5 X 1074 (G2) 
0.012 (S2, 129) 


.023 (134) 
.017 (133) 
.1 (129) 
.094 (217) 
.093 (E1) 
033 (136) 
015 (G2) 
19 (136) 
09 (G2) 
23 (P2) . 


ooeooocqocecocoso 


<4 X 10-4 (T2) 


0.44 (137) 

0.45 (P2) 

2.5 (P2) 

2.8 (217) 

2.23 (Y1) 

3.0 (P2)* 

2.9 (El) 

2.80 (T1)T 

4.4 (P1) 

4.9 (G2) 

3.4 (205) 

2.1 (137) 

4.17 (T1) 

4.5 (P1, P2) 

4.6 (141) 

5.2 (P2) 

4::1.2 (G1) 

4: 0.5 (P2) 

6.29 (M1) 

6.62 (K2)* 
4: ~0.04% of total-:yield (K2) 
103 % of Cs137 (11) 
6.9 (Pl, P2) 

5.7 (Y¥1, 138) 

7.8 (P2) 

4: 1.0 (G1) 


TABLE 8j-2. THERMAL-NEUTRON Fission YIELDS. (Continued) 


Pu23? 


0.27 (219) 


0.10 (219): 


0.003 (219). 


0.045 (219) 


0.041 (S2, 219) 


0.068 (S2, 219) 


0.37 (219). 


3.6 (219) 


4.9 (219) © 


5.0 (219) 
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TABLE 8j-2. THERMAL-NEUTRON Fission YIELDS (Continued) 


Mass No. Nuclide U 233 U238 Pu2s9 
134 | Xe™ fe, 7.41 (T1) 
7.81 (W3 revised in K2) 
135 [135 5.1 (S88) 5.6 (140, 141) 5.5 (219) 


135 Kee: = Be Pbsepeaaleces 5.9 (147) 
4; ~0.3 (147) 
4: 3.5% of total Xe135 formed (K2) 
4: 2.6% of total Xe135 (B1) 


135 Cane le hel Eee 128 % of Cs187 (11) 
110% of Cs187 (N2) 7 
136 [uss 1.7 (84) 3.1 (S4) . 1.9 (84) 
136 Xel8s6 | wee eee 6.14 (T1) 
. 6.42 (W383 revised in K2) 
136 OF 4: 6.2 1073 (G1) 4: 0.09 (159) - 
137 Csi? =| wee eee eee 6.2 (S8), 6.07 (W3 revised in K2) | 
139 Balto | wee. 6.3 (161) 5.4 (219) 
a 6.1 (G3) | . 
140 Ba!40 6.0 (S1, S8) | | 6.32 (206 corrected)* 5.36 (219)* 
6.7 (G2) 5.82 (205) ae 
5.6 (G2, G3) 
6.4 (El) | 
6.17 (S5)t 
6.2 (W5, H2)t 
140 Latte" = Pati aan ee: i: <0.2 (170) 
141 Batt. SY Xs eaelaetess 4.6 (181) 
141 Lal4l + Cel4) 2.0... 2. i: <0.022 of total chain (F1) 
141 Celie” - ee wea eels. < 5.7 (180) | | 4.9 (219) 
143 La§ | wee eee ee. ~3.8 (182) _ 
143 Ce | Lee. 5.4 (176): 5.1 (219) 
143 Nd¥48 fs wwe eee eee 5.40 (12)T : 
144 Celts — 3.4 (S1) 5.3 (184) 3.7 (219) 
4.1 (S8) 2.9 (G2) - 
2.2 (G2) | 
144 Nd™#4# | wee eee 4.64 (12). 
145 Nd!@5 | ..........e.. 3.62 (12) 
146 Nd46 | wee 2.81 (12). 
147 0 2.6 (191) 
147 Pm!s7 0.6 (G2) ~0.6 (G2) 
148 Nd™@8 | .........-... 1.64 (12) - 
149 Pm | ole ee, 1.3 (193) 
150 Nd150 Miset arsed? 'OV65S 12) 
151 Sm1 |] ose. 0.445 (12)T. 
152 | Sm152 | ov....-.-eee.- | 0.279 (12) . 
153° - | Sm18s 0.078 (S1) | 0.15 (217) 0.39 (219, 129) 
0.095 (S8) 0.16 (El) 
154 Sms | Loe. 0.0908 (12) 
155 Sm] kee. 0.031 (196) 0.21 (196) 
155 Bul | Loewe eee. ~0.03 (199) 
156 Smtse ft Lee. 0.012 (198) 
156 Eul6 | oe. 0.013 (198) _ 0.12 (219) 
: 0.014 (217, El) 
(157) Bul | eadbadexosins 7.4 X 1073 (197) 
157 Gate a ek ees 0.0150 (12)t 
(158) Euts | ............. 0.002 (197) 
158 Crates i Sah he es ie ile 0.0084 (I2)ft 
159 Gd¥8® Taw eee eee 0.00130 (F5) 
160 Gatee | dd, Leet inke 0.0027 (I2)t 
161 Toi A iekeancahoaies 8.3 X 1075 (F5) 


* Best value (S8). 
t Assumed value for relative yields in the given reference. 
¢ Gd values in I2 too high because of Pu contribution (S8). 
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TABLE 8j-3. Fast-NEUTRON Fission YIELDS: THORIUM 


Th232 Th232 
— Nuclide pile neutrons avg energy | Li + D neutrons between 
; 2.6 Mev (T3) 6 and 11 Mev (T4) 
72 | Zn? 3.3 X 1074 
73 «| Ga73 4.5 X 1074 
77 =| Ge?” 0.009 0.022 
77 | Ge?’ + As?’ (total 0.020 0.052 
chain) 
83 | Br83 1.9 2.74 
89 | Sr8 6.7 6.7* 
90 | Sr%° 6.1 
91 | Sr 6.4f 5.6 
97 | Zr” 5.4f 4.75 
99 | Mo%” 2.97 3.1 
103 | Rute 0.20¢ 0.51 
105 | Rh? 0.07t 
106 | Rules 0.058 f 0.53 
109 | Pd?9 0.053 t 
111 | Ag! 0.052 0.63 
112 | Pd#2 0.0657 | 
115 | Cd15 0.072 0.76 
115 | Cd1t5™ 0.003 
115 | Cd45 + Cd!" (total 0.075 
chain) 
117 |Cd®** — Foo ee eee 0.37 
131 | 13) 1.2 2.3 
132 | Te32 2.4 1.8 
136 | Cs136 0.0017* 
137 | Cs137 6.6f 
1389 |Ba89 fee | 9.0 
140 | Bal‘ 6.2 
144 | Ce!44 7.1 7.2 


* Assumed value for relative yields in the given reference. 
+ Obtained in comparison-type experiments. Yields depend directly on the assumption that corre- 
_ sponding yields in slow-neutron fission of U2%5 are correct (NNES, div. IV, vol. 9, Appendix B). 
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TaBLE 8j-4. Fast-NEuTRON Fission Yrewps: U23? anp Pu239 


Mass No. 


* Assumed value for relative yields in the given reference. 


Nuclide 


Ge77 
As’? 
Sr8? 
Zr 
VA 
Mo 99 
Ry 103 
Ry 106 
Pd 109 
Agi 
Cd 1lim 
Cq115 
Total chain 
Sh 127 
Te132 
Cg137 
Ba}39 
Bai40 
Ce 144 
Sm 153 
Euy25s 


U238 


est. avg neutron energy 
2.8 Mev (K3) 


«vr «ec ee @ 


eo e bie be 


Py 239 


8-217 


fission energy 


5.6 (219) 
5.2 (219) 
5.9 (219) 


1.7 (219) 


5.0 (219) 


0.48 (219) 


(pile) neutrons NNES 
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TaBLE 8j-5. Fast-NEUTRON Fission Yreups: 14-Mev NEUTRONS U78 
U 235 U235 


_ Mass No. | Nuclide 1aoNies weakons ermal neutrons® 


82 Br82 | i: 1.27 X 1073 (F3) | 7: 3.5 X 1075 (62) 
83 Br’s 1.02 (F4) 0.48 (Al) 7 
89 Sr89s |: 4.2 (S9) 4.6 (76) 
91 Srst | 4.2 (89) 5.0 (73) 

97 | CZs? 5.5 (89) 6.2 (S3) 

103 Ru! | 3.3 (F4) 2.85 (H2) 

105 | Rh | 1.95 (89) 0.92+ 

106 Rules | 1.56 (F4) 0.38 (H2) 

109 Pdi? | 1.21 (F4) 0.028 (217) 

lit Ag! | 1.16 (S9) 0.018 (123, 217, E11) 
112 Pdt2 | 1.44 (F4) 0.018 (E1) 

115 Cd115 | 0.94 (89) 0.011 (127) 

121 Sni21. | 1.14 (B2) 0.014 (S2, 129) 
125 Sn | 1.52 (B2) 0.024 | 
126 Sbiz | 1.48 (B2) © 0.046 

127 Sb127_ | 1.62 (S9, B2) 0.093 (E1) 

129 Sbi29 | 2.10 (F4) 0.92} 

130 Sb180. | 3.3 (F4) 1.754 

131 [331 | 4.1 (B2, W4) 3.0 (P2) 

132 Tes? | 4.3 (W4) 4.5 (P2) 

4136 =| Cs86 | 7: 0.24 (F3) i: 6.2 X 1073 (G1) 
140 Ba!40 | 4.6 (S9) 6.32 (206 corrected) 
143 Cei43 | 3.5 (S9) 5.4 (176) 

144 Cel44 | 2.4 (FA) 4.1 (mean of 184) (G2) 
156 Eu | 0.054 (F4) 0.014 (217, E1) 


* The 14-Mev neutron data were quoted in ref. F4 as & values, which were converted to fission 
yields by multiplying by the respective thermal-neutron fission yields. The thermal-neutron values 
selected for the calculations are tabulated here for reference. 

+ Values taken from a smooth curve drawn through the known thermal-neutron fission-yield curve 
for 235, 
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- TaBLe 8j-6..CHARGED-PARTICLE Fission YIELDS. 
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Th?232 (T5) 
Mass |-——— 3 — —— : : | 
No. |6.7-Mev| 8.0-Mev | 9.3-Mev'| 13.3-Mev_ | 17.8-Mev | 19.5-Mev | 21.1-Mev 
protons protons ‘protons protons protons | protons | protons 
77 0.020 0.034 |0.032 0.030 0.052 
78 0.061 0.060 | 0.047 0.036 0.064 
Bee W Stee Ul ce weteees tie Gee te 0.010 (max)| 0.0062 (0.0057 
83 1.67 1.51 1.65 1.51 Sah 1.64 
84 gtd 2.90 2.53 2.44 2.66 ees 2.49 
89 6.55 6.00 6.24 5.25 | 6.31 5.01 | 5.07 
91 Sade 5.48 5.15 4.58 _ 4.57 ea 4.61 
95 5.93 6.05 5.29 4.93 4.57 5.14 | 4.27 © 
97 3.97 4.08 4.07 4.36 -. | 4.08 4.32 3.63 
115 0:51 0.69 0.73 1.22 ‘4 1.75 1.66 ‘1.74 © 
131 ae 2.40 2.24 2.27 2.45 Stans 2.38 
132 cig 3.03 3.56 3.48 2.38 oy... = =6©| 3.02 
139 eae 5.95 4.75 4.72 - 4.63 ee 4.96 
140 2.49 4.74 4.90 4.61 4.67 4.71 | 4.51. 
156 oe 0.55 0.037 {0.029 0.024 Dere 0.023 | 
a i I Ee. 
a a ee 
Bi209 ones i. 
~ & 2 Th232 Bi209 | 
ane Nuclide 37.5-Mev alpha ans Bipne 190-Mev deuterons 
No: ticles (N3) parucles (Fe) (G4) 
ea relative yields | 
AG: Ceara eet pte ate 0.002 
BO eRe ee RY ene cere et ae ate 0.5 
GO GNI ees. “Mra ttide aaatend 0.8 
GG UNTO cr eatecgt r,t ta es oeeeehe sh eo ~ Q.11 
GE Cu tee: ah Aatete ea Race tas 0.40 
72 | Zn? <O.01 $$ iil. geeeaseeeencns i: 0.35 
7 }Gar ©) gee tent 22 — 4:20.51 
72 | Total chain | = ........ 00 | eee ee 0.86 
73 «| Gai ee Se ee, es ee ee 0.55 
Ta, VAS eee Bt eR des 8 0.06— 
77 | Asi? ~0.0087 fo ..l eee. 1.5 © 
81 ~ Setm en | Cc or rea! (a er er 0.41 
82 | Br8?_ <0.0025 150 ~—64::1.0 
83 | Br83 0.70 390 1.7 
84 TRbeS Fc eee eee 0.3 
BG RDS cee Detar enna ee ee 4:1.9 
89 | Sr8? hy nn cr ee aor ee eee ene 4.7 © 
90 | Sr% je Sn | ears ee! Fee ee 4:2.9 
16 eS | a cr eee 1,400 2:1.6 
90 | Total chain | ........ 0 J Lane eee eee A.5 
91 | Sr® 2.8 540 oo 
Of yet " Fe wedteree. lll oecdonsemcraee «3 4.4 
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TABLE 8j-6. CHARGED-PARTICLE Fission Y1ELDs (Continued) 


Bi29 


Th?3? Bi209 
en Nuclide 37.5-Mev alpha ey ape 190-Mev deuterons 
° ticles (N3) particles (79) (G4) 
aes relative yields 
92 | Sr® S20. i tee mage ted 2 
93 | Y 
95 | Zr%® Oy hrs he oe ees 4: 3.4 
O05 ND: § Fo gdedebide oft, be bawehutese® 4:1.5 
95 | Total chain |  ........ 0 eee ee eee 4.9 
97 | Zr’ 2.7 
99 | Mo% 2.4 480 5.0 
103 Routes: © A Leseeee’s If =sedd ee gee oeevus 3.9 
105 |Au5 |; ......e. 240 3.1 
106 | Au? B20- Jb. Adware Seeds 1.5 
109: 1 Pd «4. ‘steineek |), @ieatcnatoeees 4.6 
111 || Ag!!! 6. ##§§ ih, chesnut dareeeeaes 3.4 
112 | Pd'!2 Vel 00 OT ea i tee ee es 0.9 
112: (|Asee ss iF sietades iP ae te erageuewvs 1:2.8 
112° | Total chain Sie eves re eer ee 3.7 
115 | Cd15 PS 0. caste vet eer eas 1.0 
115 | Cdtis™ 0.15 eee eee eal 0.7 
115 | Total chain | =... ee ee ee es 0.7 
118: Pets <1 aggeeyes | etait steeaee ee 0.008 
119 | Te eee ye ee re ere er 0.14 
120° Sb!" jj °assecede- Jk! oehestaone zac 0.90 
121 | Sn!?! 1.2 
120 Perm | dyecceeds. T Bawe-eeiee sey 0.20 
192 Sb2 dt sateetecc - "ll daniaidgewause ss 1: 0.25 
[123] | Sn}23 (75 d) 1.0 
123 | Sn}? (130 d) 1.0 
102 (7), 0] i ete 0, |. eee eee eee 4: 0.43 
TOA (SBE i tee ID ator eg ee ene 4:0.12 
1294 \'fotal:chain | asseecee. “| see eeweseagnes 0.55 
125 | Sb125 1.2 
TOR Te CC I ee eee. Ol ee beeen 1.2 
196. 6. « + wteheaoe. |] Attensa eienges 0.11 
131 | [33 1.1 8 
Bi Cee. eee OP RR AA Gee ee ees 4: 0.002 
131 |Bat®t | Vee... i tela entnngs aetna tats 74: 0.18 
131 | Total chain | .....--- | eee ete ee eee 2 0.18 
132 | Te??? 16st etn e te Peoaees x 7: 0.056 
132 | Cs132 
133 |Bal33 |  V....... 34 0.25 
136 | Cs186 0.041 
137 | Cs187 6.9 
189 | Ce9 fee eee Pee ee 0.12 
140 | Ba! 2.8 None detectable 0.0004 
tA bCeMr 8606: 0OCUlO eee eee 0606€6CUnP eee ere eee 0.017 
143 | Ce!48 2.2 


I 
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TABLE 8j-6. CHARGED-PARTICLE Fission YreLps (Continued) 


4209 
Mass eee aa alpha ae 
Nuclide 37.5-Mev alpha bee 190-Mev deuterons 
No. | ticles (N3) particles (P3) (G4) 
: as : - relative yields 
144 | Cel44 
i (eh | ee ae | ee ee er 0.003 
153 | Sm 453 
155 | Eu 
156 | Eu'sé 
157 | Ewt57 
U235 U238 
Mass No. Nuclide 15-Mev deuterons (W5) 15-Mev deuterons (W5) 
(yields relative to Ba!*°) | (yields relative to Ba)4°) 
99 Mo? 1.42 1.27 
101 Mo? 1.27 1.30 
102 Mo!02 0.86 1.06 
103 Ru 103 0.44 0.22 
105 Ru 105 0.90 1.16 
106 Ru 106 0.60 0.30 
140 Ba140 - 1.00 1.00 
eee 
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erence: | NS | oR | LL 


99. 
101 
102 
103 
105 
109 
111 
112 
113 
117 


181. | 


131 
134 
139 
140 
143 


Total | 


[134 


Ba 139 
Bal40 
Cel43 


chain 


NUCLEAR PHYSICS 


Th 232 
Bi? max 69 | 
max 85 Mev (H1). 
Mev (S6) | Brems- 
strahlung 
~0.3 
<0.4 
<0.5 | 
1.2 1.9 
<1.4 
 2.8F 5.7 
2.87 | 
3.0 
Seis 1.85 | 
5.0f 0.83 
~6.4 : 
~2.8 0.90 
ees 0.68 
3.0 0.58 
Pitas 0.68 
eee 0.81. 
eee 2.25 
<0.2 
<0.1 
ei sae 6.6 
tides 3 4.85 


See page 8-224 for footnotes. 


TABLE 8j-7. PHOTOFISSION YIELDS*. 


U238 
max 13.0 - {| ,: u™ 
“Mev (W5) es on 

Bremsstrahlung rote ne 
6.8 |—6h66E 
6.5 

5.0 | 

(1.4) (uncertain) 

Slo 4 & 
PEL ee eee 0.046 
eve err re 0.031 
5.77% 5.8 


103° 
105 


109° 
111: 
112°: 


112: 


113 7 


115 
115 
115 
117 
131 
132 
133 
139 
140 
143 


See page 8-224 for footnotes. . 


Nuclide 


Sr39 
Sr?! 


4: Sr?2 


{93 
Zy97 


: Mo??? 
: Ru 103 
: Rus 


Pd 109 
Agi 
Pd112 


‘ Ag}12 


Agius 
Ag?15 
@d115 
Cd 115m 
Cd17 


q131 


[133 


: Ba}39 


Bal40 


-Ceal4s 


U238 


max 10 
Mev (R2) 
Brems- 
strahlung 
. Br83 
- Br84 


eee eS Se 


oe © we ew 


ee we eee 


eo © © ew we 


y2se | 
10 Mev 


(S11) 


(9.7 + 0.1) 


o *@ es @ 


ee eee 


eo ee eo 


ee ew ee 


ee we ee 


ee ee a 


ee we ew 


eee ee 


U238 


max 16 
Mev (R2) 
Brems- 
strahlung 


oe © © & @ 
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TaBLE 8j-7. PHororission Y1ELps (Continued) 


U238. 


16 Mev 


(S11) 


(15.5 + 0.1) 


oe © © we 


ee ee ew 8 


eo ee we we @ 


oe © ew 
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238 
max ~17 
Mev (L1) 


8—224 NUCLEAR PHYSICS 


TaBLE 8j-7. PHotorission YIELDS (Continued) 


Maes Nuclide ae 
No. 21 Mev (S11)/48 Mev (S11)}100 Mev (S811)|800 Mev (S11) 
V7 | Ge™ 0.032 
78 | Ge78 0.059 
83 | Br? 0.59 0.62 0.73 
84 | Br bc. 1.03 1.04 1.09 
89 | Sr? 2.6 2.8 2.8 3.0 
91 | Sr*! 3.9 
97 | Zr? 5.7 5.8 5.8 
99 | Mo%” 6.6] —~6.6 6.6f 6.6f 
103 | Ru? 3.0 2.9 2 3 
105 | Ru 2.5 
106 | Ru | 2.1 2.0 2.6 3.0 
111 | Ag??! 0.43 0.77 1.02 1.88 
' 112 | Ag??2 0.26 0.52 0.71 1.14 
113 j Ags. Paka 0.60 0.77 1.21 
115 | Cd1t5 0.25 0.047 0.67 1.15 
115 | Cd)15" 0.18 0.041 0.048 0.20 
117 | Cd" | are 0.50 0.69 1.04 | 
127 | Sb}2” (corrected) 1.12 1.49 1.71 2.38 
131 | [23 4.1 4.3 4.4 4.6 
132 | [32 5.0 4.9 4.6 4.3 
133 | [388 6.2 
137 | Cs37 4.7 
139 | Ba}39 | ere 4.6 | 
140 | Ba}4 4.9 5.0 5.3 4.8 
141 | Ce!4! telat 4.9 7 ‘2 
143 | Ce!48 4.0 3.8 3.8 3.6 
144 | Cel44 3.8 3.4 


On en Memeene ee els 
* For such element heading a column the yields due to photofission by the indicated gamma radiation 
are shown opposite the mass numbers in the first column. . 
+ Yields of 9.7-hr Sr®*! and 2.7-hr Sr®l assumed equal for analysis of complex-decay curve. 
t+ Assumed value for relative yields in the given reference. 
§ Reference value to give integral of the yield-mass curve of 200%. 


Cm? ($7) 
Nuclide Th? MO tee te ee cee i ee 
unoneme) 2), (OWA): || vieldof nuclide | Votalehan vied 
0.036 
0.119 
0.75 
a 0.94 0.95 
eons 11 1.2 
ae 5.7 5.7 
ste ie 7.2 7.2 
eee 9.5 9.9 
Skee 74 8.4 
ae 2.9 2.9 
beaded 0.95 1.1 
ere 0.033 
ae 0.003* 0.036 
let: <0.01 <0.01 
neauee 0.35 0.37 
aan 1.3 1.7 
<0.012 
Tem | 2.3 
|S ss 2:2.0 
Xe131 : 0.455 
Tels Peed: 5.8 7.4 
Xe1s2 6 3.57 
TG ts eeasias 5.7 6.0 
cn |e ne eran 6.9 8.0 
Xe | 4.99 
pe. <ct Waeavaes 3.9 7.3 
Xess | 6.00¢ 
Cee eee te as 0.80 
Baise a ener : 6.6 6.6 
Ba {| J 5.9 5.9 
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TABLE 8j-8. SponTANEOUS Fission YIELDS 


* Assumed yield from known branching ratio in induced fission. 
+ Assumed value for relative yields in the given reference. 


References for Tables 8j-2 to 8j-8} 


Al. 
Bl. 
B2. 
El. 


Arnold, J. R., and N. Sugarman: J. Chem. Phys. 16, 703 (1947) (NNES). 
Brown, F., and L. Yaffe: Can. J. Chem. 81, 242 (1953). | 

Barnes, J. W., and A. J. Freedman: Phys. Rev. 84, 356 (1951). 

Engelkemeir, D., M.S. Freedman, E. P. Steinberg, J. A. Seiler, and L. Winsberg: 
ANL-4927 (1952). 


. Ford, G. P., and C. W. Stanley: AECD-3551 (1953). 

. Fleming, W. H., and H. G. Thode: Phys. Rev. 92, 378 (1953). 

. Ford, G. P.: AECD-3597. 

. Ford, G. P.: unpublished data, private communication, 1954. 

. Freiling, E. C., L. R. Bunney, and N. E. Ballou: Phys. Rev. 96, 102 (1954). 
. Glendenin, L. E., PhD Thesis, MIT, Aug. 1, 1949 (NNES). 

. Grummitt, W. E., and G. Wilkinson: Nature, 161, 520 (1948) (NNES). 


1 References given without letter designation refer to papers in ‘‘ Radiochemical Studies: 
The Fission Products,’’ NNES, div. IV, vol. 9. 


8—226 ... NUCLEAR PHYSICS 


G3. 
G4. 
Hi. 
H2. 
I. 
12. 


Kl. 


W4. 


Grummitt, W. E., J. Gueron, G. Wilkinson, and L. Yaffe: Can. J. Research 25B, 
364 (1947) (NNES). 

Goeckermann, R. E., and I. Perlman: Phys. Rev. 76, 628 (1949). 

Hiller, D. M., and D. S. Martin, Jr.: Phys. Rev. 90, 581 (1953). 

Hardwick, W. H.: Phys. Rev. 92, 1072 (1953). 

Inghram, 'M. G., D. C. Hess, Jr., and J. H. Reynolds: Phys. Rev. 76, 1717 (1949) 
(NNES). 

Inghram, M. G., R. J. Hayden, and. D. C. Hess, Jr.:.Phys. Rev. T9, 271 (1950) 
(NNES). 

Koch, J., O. Kofoed-Hansen, P. Kristensen, and W. Drost-Hansen: Phys. Rev. 
76, 279 (1949) (NNES). 


: Katcoff, S., and W. Rubinson: Phys. Rev. 91, 1458 (1953). 
. Keller, R. N., E. P. Steinberg, and L. E. Glendenin: Phys. Rev. 94, 969 (1954). 
‘ Laboratory for Nuclear Science and Engineering, MIT, Progress Report, June 1, 


1951—May 31, 1952, p. 129. 


. MacNamara, J., C. B. Collins, and H. G. Thode: Phys. Rev. 78, 129 (1950) 


(NNES).: 


. MacNamara, J., and H. G. Thode: Phys. Rev. 80, 471 (1950). 
. Niday, J., and A. Turkevich: AECD-2862 (1950) (NNES). 
. Nagle, D., and J. R. Zacharias: private communication to authors of NNES; see 


also ref. G2 (NNES). 


. Newton, A. S.: Phys. Rev. 76, 17 (1949). 
, Pappas, A. C., and C, D. Coryell: Laboratory for Nuclear Science and Engi- 


neering, MIT, ‘July 1, 1950 (NNES). 


. Pappas, A. C., and C. D. Coryell: Phys. Rev. 81, 329 (1951). 
. Perlman, I., R. H. Goeckermann, D.-H. Templeton, and J. J. Howland: Phys. 


Rev. 72, 352 (1947). 


. Ross, A. M., BS Thesis, MIT; see also C. D. Coryell et al., Phys. Rev. TT, a2 


(1950) (N NES). 


. Richter, H. G., and C.D. eer Phys. Rev. 95, 1550 (1954). 
: Steinberg, KE. P., J. A. Seiler, A . Goldstein, and A. Dudley: MDDC-1632, 1948 


(NNES). 


. Steinberg, E. P.: private communication to authors of NNES, 1950 (NNES). 
. Sakakura, A. Y.: BS Thesis, MIT, June 1, 1949; see also Coryell et al., Phys. 


Rev. TT, 755 (1950) (NNES). 


: Stanley, C. W., and S. Katcoff: J. Chem. Phys. 11, 653 (1949) (NNES). 

. Sugarman, N.: Phys. Rev. 89, 750 (1953). 

. Sugarman, N.: Phys. Rev. 79, 532 (1950). 

. Steinberg, E. P., and L. E. Glendenin: Phys. Rev. 96, 431 (1954). 

. Steinberg, E. P.: private communication, 1954. 

. Spence, R. W.: BNL-C-9, as quoted in ref. F4, | 

. Scott, Terrell, Gilmore, and Minkkinen: LADC-1463 quoted in ref. F4. 

; Schmitt, R. A., and N. Sugarman: Phys. Rev. 95, 1260 (1954). ! 

. Thode, H. G., and R. B. Shields: Repis. Progr. in Phys. 12, 18 (1949) (NNES). 
. Thode: H. G.: private communication to authors of NNES, 1949 (NNES). 

. Turkevich, A., and J. B. Niday: Phys. Rev. 84, 52 (1951). 

. Turkevich, A., J. B. Niday, and A. Tompkins: Phys. Rev. 89, 552 (1953). 

. Tewes, H. A,, ‘and R. A. James: Phys. Rev. 88, 860 (1952). 

. Wahl, A. C., and N.:A. Bonner: Phys. Rev. 865, 570 (1952). 

. Wetherill, G. W.: Phys. Rev. 92, 907 (1953). 

. Wiles, D. R., B. W. Smith, R. Horsley, and H.:.G. Thode: Can. J. Phys. 31, 419 


(1953). 
Wahl, A. C.: idpublanee data, quoted in ref. F4. 
_ Wiles, D. R., and C..D. Coryell: Phys. Rev. 96, 696 (1954). 


Y1. Yaffe; L., and C. E. MacKintosh: Can. J. Research 25B, 371 a) (NES). 


8k. Nuclear Reactors 


H. S. ISBIN 


University of Minnesota | 
A nuclear reactor is an assembly of fuel, moderator, and other components such as 
control rods, coolant system, shielding, and instrumentation, capable of sustaining 
a controlled neutron chain reaction. Smaller subcritical assemblies used to predict 
critical dimensions, called exponential piles, and those used to measure diffusion 


lengths, called sigma piles, are not reactors. N uclear reactors can be classified as 
_ shown in Table 8k-1. : 


. TaBLE 8k-1. CiassiricaTion or N UCLEAR REACTORS 
1. Based upon purpose . 
a. Research, including limited isotope production 
6. Plutonium and tritium production 
c. Power, both military and industrial 
d. Breeding | 
2. Based upon nature of assembly 
a. For continuation of neutron chain reaction, neutron energies are thermal, inter- 
mediate, or fast 
b. Fuel-moderator assemblies are homogeneous or heterogeneous a 
c. Fuel may be natural uranium (containing 0.7 per cent U3) | enriched uranium 
(containing additional U5), 235, [233 oy Py239 4 
d. Moderators used are graphite, heavy water, light water, beryllium, and beryl- 
lium oxide 


The present security status for nuclear reactors, as applied to the United States, 
United Kingdom, and Canada, is that almost all information on low-power research 
reactors is available; information is partially available for higher-power research 
reactors; but only limited descriptions can be given for reactors having military and 
strategic value. A concise tabulation of nuclear-reactor descriptions is presented in 
Table 8k-2. Power levels given pertain to the rate at which heat is generated in the 
reactor and are not to be interpreted as the generation of electrical power. Neutron 
flux, as neutrons/cm?-sec, is given in general for, the thermal flux, usually the maxi- 
mum value. The starting date of operation is given in parentheses under the heading 
of Remarks. ‘, | bea 

In addition to the reactors listed, several boiling reactor experiments (Borox I, II, 
and Prototype Boiling-water Power Reactor) have been carried out at Arco, Idaho. 
Five Savannah River Reactors, CP-6, were completed by 1955 at Aitkin, South 
Carolina. These reactors employ natural uranium fuel and heavy-water moderator 
and are production reactors. Interest in additional research and testing reactors in 
the United States is chiefly confined to modifications of the water-boiler, swimming- 
pool, and MTR reactors. An expanded program is under way for mobile reactor 
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units for submarines, shipcraft and aircraft. Both large-scale and small-scale power 
demonstration reactor programs have been started, utilizing pressurized-water, 
sodium-graphite, fast-breeder, boiling-water, homogeneous, liquid-metal-fuel, and 
gas-coolant designs. ) . 

Great Britain’s first heavy-water reactor, DIMPLE, was placed in operation in 
1954. A higher-power heavy-water reactor is under construction as well as a sodium- 
cooled breeder reactor. The Calder Hall reactors are the first commercial full-scale 
power plants. The reactors utilize natural uranium fuel and graphite moderator, 
and are cooled with CO2 under pressure. 

The French program includes the building of two plutonium producing reactors, 
Gi and G2. The startup of Gl was February, 1956. The reactors are natural 
uranium, graphite-moderated units and are to produce electrical power. Air is 
used for the coolant for G1 and CO: for G2. Other similar power-producing reactors 
are under study. E.L.3 is a high-flux materials testing reactor and will utilize slightly 
enriched uranium and heavy water. 

Other significant reactor developments are in progress in The Netherlands, Belgium, 
Norway, Sweden, Switzerland, and Canada. 


81. Mesons and Hyperons 


MAURICE M. SHAPIRO 
Nucleonics Division, U.S. Naval Research Laboratory 
a 


81-1. Nomenclature. Mesons are unstable particles intermediate in mass between 
the electron and proton. Hyperons are unstable particles intermediate in mass 
between the neutron and deuteron. So many new types of mesons and hyperons 
have recently been discovered (LL, LC, RG, BR, BR1, SA, OC, BH, AR, TR, BAI, 
FM3, MM)! that confusion in nomenclature has resulted. A systematic notation, 
proposed (AE, TR) as the result of discussion at the International Congress on Cosmic 
Radiation at Bagnéres-de-Bigorre, France, in 1953 (BP, SM), has gained wide accept- 
ance, and is employed here: | | 

1. Generic symbols (Latin letters) classify the particles according to mass and 
phenomenology of decay, respectively : 

a. Mass categories? 


L meson (light meson), ™ < Mz < Mrz 
K meson (heavy meson), % < ™x < Mp 
Y particle (hyperon), mn < my < ma 


(Note that neutrons and protons are excluded.) 


1The references on p. 8-245 include some useful general neferences on heavy unstable 
particles (MRI, VP, PC, RB2, PC1, LL1, SM, WJ, BJ, PC2, TA, RG1, RU, BP, DP, 
PP, HT1, DC2). . 


2Symbols: e = electron; 7 = 7 meson (pion); ~» = mM meson (muon); p = proton; | 


n = neutron; d = deuteron. In addition, the following symbols are employed to denote 
various decay products in Table 81-1: y = photon; v = neutrino; 7, 7’ = neutral particles 
as yet unspecified, which may or may not be alike. 
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b. Phenomenological categories 


V event. Phenomenon interpretable as the decay in flight of a K meson or 
hyperon. Subclasses: “V° event,” decay of a neutral particle; “V+ event,” 
decay of a charged particle. 

S event. Phenomenon interpretable as the decay at rest of a K meson or hyperon. 


2. A specific symbol (Greek letter) designates each individual type of particle 
(see Table 8l-1); capital Greek letters are used for hyperons (for the proton and 
neutron, however, the conventional symbols p and n, respectively, are retained). 


TABLE 8l-1. CHARACTERISTICS OF MESONS AND Hyprrons* 


Mass 
Decay Mean life, Q, Mevt Statis- 
products sec tics 
In me In Mev | 
Z mesons: a 
at 273.0+ 0.5 139.5 po pv 2.55+ 0.10 33.9 + 0.1 | Bose 
: x 1078 
is 263.84 1 134.8 { 2y : ~5 X 1078 134.8 + 0.5 | Bose 
. ytet+e 
pt 206.6 + 0.5 105.6 ex + 2p 2.15+ 0.05 105.3 + 0.3 | Fermi 
x 1076 
K mesons: a 7 
+ = 
r# 965.2+1.3} 493.2 /{7 at 7 | 10s { er 
60 . 965 + 10 ~493 at be a 1.6+ 0.5 214 345 Bose 
; . x 19710 
x[e+, Kx] 966 + 12 ~494 wt + 70 (10° 8) 219 +6 | Bose 
Kye 960 +15 ~490 Beep. ~1078 . 890 + 10 | Bose 
Kyaslx] (~m;) (~m;) | wtat+7’ (10-8) 
Kes (~mz) (~mz,) e+tant+y7 
Hyperons: 
Ao 2,181 +2 1,114.5 pt+x 3.7+ 0.6 36.9 + 0.2 | Fermi 
x 197 10 
p + 7? i 116 +2 Fermi 
zt 2,327 +4 | i189 [{? 77, ~10- 1 {ato 
oF ~2,325 ~1,188 n+ 9 S107 ~110 Fermi 


m- ~~ s | 2,580 ~1,318 A° + a (~107 19) ~65 Fermi 


Parentheses denote information which is probable but not firmly established. The symbols in 
brackets are alternative designations for @ given particle. 

* This table was prepared in November, 1954, and is based primarily on the literature published 
prior to that time. A limited revision was possible several months later. However, the very rapid 
advances in the field of unstable particles will certainly have yielded improved data for some of the 
K and Y particles even by the time this goes to press. For references and explanatory remarks, see 
the Notes on Table 8l-1, page 8-242. Conversion factors needed in constructing the table were based 
on the same data as in Sec. 8a. Symbols are defined in footnote 2, page 8-240. The estimated uncer- 
tainties are standard errors. . 

T Q is the total kinetic energy of the decay secondaries. 


81-2. Characteristics of Mesons and Hyperons.! Table 8l-1 gives constants and 
decay schemes for mesons and hyperons whose existence is established, though in 
several instances some of their basic properties remain to be finally determined. The 
masses are given in units of the electron mass m, and in Mev. References and notes 
explaining how the numbers in the table were arrived at appear on the following 
pages. 

To keep the references within bounds, only a set of representative papers is 


1A review of the production and interactions of + mesons could not be included here 
because of space limitations (see, however, MR1, RA, RA1, BH5). 
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given. Other works can be traced through these. In general, the most precise data 
on L mesons derive from experiments with high-energy accelerators, the detectors 
being cloud chambers, photographic emulsions, and counters. Until very recently, 
information about K and Y particles came principally from cosmic-ray observations 
employing the first two techniques. As this is being written, however, the new Bev 
accelerators are beginning to contribute decisively to this field. 

Notes on Table 8-1. L meson Masses: (1) Charged pions. From momentum- 
range comparison with protons (BW1, SF1), the mass of r+ is (273.3 + 0.2)m., and 
the mass ratio «~/r* is 0.998 + 0.002. For the x~ mass (CK), the energy of the 
y rays from the reaction p +2 — n + y yields (272.7 + 0.3)m.. Within the pre- 
cision thus far obtained there appears to be no evidence for a difference in mass 
between ++ and z. Accordingly, a single mass value, (273.0 + 0.5)m., is adopted 
here for z*. This value was also used in computing the r° and p+ masses in Table 8l-1. 
(2) Neutral pion. The best mass determinations for 7° are based on the r~ — 2° mass 
difference. The Doppler shift of the decay y rays from p +2-—n-+-7° and 
7° —» 2y yields (PW) a difference of (10.6 + 2)m.. The angular correlation of these 
y rays (CW1) gives 8.8 + 0.6m,. Adopting the value 9.2, we derive 273.0 — 9.2 = 
(263.8 + 1)m, for the r° mass. (3) Muons. Using the mass difference r+ — yt = 
(66.4 + 0.1)m. (SF2, BW2), we obtain 273.0 — 66.4 = (206.6 + 0.5)m. 

I MESON LIFETIMES: (1) Charged pions. Three recent precise measurements for xt 
(in units of 10—* sec) give 2.53 + 0.10 (KW), 2.54 + 0.11 (JM), and 2.58 + 0.14 (WC). 
Their mean, 2.55, agrees with the w~ value 2.55 + 0.19 (DR1). Hence a single 
mean life for ++ appears in the table. (2) Neutral pion. Observations on the alter- 
nate mode of decay, r°—> y + e+ + e-, yield a “most probable value” of 5 X 10715 sec, 
with the limits 3X10715 <7 <1.0X10~" sec for the mean life (AB). The alternative 
mode of decay has a branching ratio of 0.013 + 0.004 with respect to the usual decay 
into two photons (AB). (8) Muons. The average of three determinations (AL, 
RB1, BW3) has been adopted for the mean life of p+. 

I, MESON STATISTICS AND SPINS: (1) Pions. The spin of r+ has been experimentally 
determined to be zero (CW2, CD, DR); it is therefore a boson. The neutral pion 
must also be a boson, as it decays into photons. Since the number of photons is 2, 
not 3, the 7° spin cannot be 1 but must be an even integer, probably zero (YC, LL2). 
The z~, too, is a boson, as can be inferred from the reaction z= +p—-7°+n. Its 
spin is also probably zero. (2) Muons. z-p decay is a two-body process, and the 
neutral secondary is known to have zero or near-zero rest mass. Assuming that this 
neutral particle is a neutrino, in order to avoid introducing a new neutral particle of 
vanishingly small mass, then the muon is a fermion. Moreover, on the neutrino 
assumption, the spin of y+ is % since the rt spin is zero. Some uncertainty over the 
decay scheme p— e + 2» persists, partly because of conflicting results on a zero 
cutoff at the high-energy end of the positron spectrum from yu* decay (see BH1, SR, 
VJ, LA1, HH). Should zero cutoff become firmly established, this would strengthen 
the case for a muon spin of +. 

K mesons: Tau (r*). The Q value 74.7 Mev is that reported at the Padua Confer. 
ence (PP). Other values, most of them close to this one, have been reported (LW, 
HH1, BC, LD, LD1, DA, CJ1, BG, CM1, AE2). Using this Q value (146.2m.) 
and the +* mass of 273.0m, adopted. here, the mass of r* is 965.2 + 1.8m. The 
mean life of r+ is 10-8 sec (AL1, PP, BC). Earlier estimates gave a lower limit of 10-° 
sec (FP, HA). Some evidence exists (CJ2, AE1, BP1, SN, BM1) for an alternative 
mode of decay of the tau meson, r* — x* + 27°, The single charged secondary in these 
events, unlike that in most K+ decay events with a single L+ secondary, is emitted 
with an energy <53 Mev inthe CMsystem. The expected Q for this mode of decay, 
84.1 Mev, differs appreciably from that for the usual decay into three charged pions, 
in view of the ++ — w° mass difference. | 


MESONS AND HYPERONS 8-243 


6° wmson. The two secondaries of 6° decay are L* mesons, and at least one of 
them is a pion (TR, TR1). Double production of 6° and A° from «~ + p (TR2, FW2) 
suggests that 6° is a boson, and that the second L+ meson is therefore also a pion. 
The Q value is 214 + 5 Mev (TR3, BK). Accordingly, adopting the decay scheme 
6° —» xt + w- + 214 Mev, the mass of 6° is 965 + 10m,.. The mean life of 6° (GD, 


BK1, AW) is 1.6 7 0 


with two L* secondaries, there appear to be some Q values considerably lower than 
214 +5 Mev. Some of these are provisionally attributable to the decay scheme 
79° —> at + x + 7°; others are not (VV, YH). 

OTHER K+ mesons: In addition to the well-defined 7+, there is evidence for the 
probable existence of at least three or four other types of K+ mesons. These have 
been relatively slow in getting established, mainly because the visible evidence of 
their decay is confined to a single charged secondary, unlike that of the 7* or 6°. 
From the x(K-r2), this charged offspring is a pion; from the Kye or Kys, it is a muon; 
and from the Ks, it is an electron. (The subscripts +2, for example, denote a +* 
secondary and two-body decay.) These various types of K+ meson will be described 
in turn. 

1. Chi meson (x, Kxs, 6*). A pion secondary of apparently unique energy ~109 
Mev is emitted in certain K meson decays in nuclear emulsions (MM), and this led 
to the proposed decay scheme x* — x* + 7, hence the alternative designation K x2. 
The probability that the neutral particle is a +° is supported by observations of 
photon secondaries (BH2, DH, HA1, HE) as well as by other evidence (BM1, HRI, 
GS). Besides decaying into two pions with a Q ~ 219 Mev, the x has a mass 
(GS, RD) very close to that of the 6°. Therefore, it is natural to regard the x as the 
charged counterpart of the 0°, and the former is sometimes referred to as 6* (e.g., 
GM, RM). 

2. Kus meson. Evidence for a two-body decay, Ky, — » + 7 (where 7 is an unspeci- 
fied neutral particle), came originally from cloud-chamber observations of a distribu- 
tion of transverse momenta of secondary particles sharply peaked near 220 Mev/c 
(GB). More decisive evidence has recently come from range observations on the 
stopping muon secondaries in cloud chambers (HE), and in emulsions (GS). The 
muon has an energy of about 154 Mev. Although at first the K,2 mass appeared to 
be appreciably lower than that of the r+, more recent measurements (GS, RD) suggest 
that it is quite close to the tau mass. ’ Actually, in an experiment at the Bevatron, 
the mass difference 7+ — K+ was found to be 5 + 5m,, using momentum and range 


X 10-'° sec. Anomalous Q values. Among some V° events 


for mass determination (FS). (In these measurements ‘‘K+’’ was defined as a 


positive K meson decaying into a particle with near-minimum ionization. The K* 


collection probably consisted mainly of Ky2 and x mesons with a slight admixture of | 


Kys and K,.3.) The lack of secondary photons associated with the decay of Kye 
under conditions in which the tracks of electron progeny would be visible makes it 
‘very unlikely that the neutral secondary is a pion or photon. Hence the decay 
scheme commonly assumed is Ky2— » + v, and this implies a Q value of ~391 Mev. 
From. both cosmic-ray and Bevatron experiments, the mean life appears to be 
~1078 sec (RD). 

3. Kys meson, also called kappa! (x), has a muon secondary which has been observed 
to be emitted with various energies (OC, MM, HT, IN, BA, YC1). One assumes, 
therefore, a three-body decay, Kys— »-+7-+7’. The identity of the neutral 
secondaries 7, 7’ is unknown at the time of this writing. There is no evidence against 
the scheme x— pz -++ 2», and on this assumption the mean life has been calculated 
to be ~10-° sec (DJ1, DN). Experiments indicate that it lies between 4 X 107° sec 


1 Note that the kappa is a particular type of K meson. Hence the specific symbol x 
should not be confused with the generic designation K. 
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and 107 sec (NJ, AJ, DR2, BK2, ML, BH3, YC1, BC, HR4). However, some of 
these experiments probably involved a mixture of various K mesons. The emission 
of two neutrinos would of course imply that the kappa is a fermion. Current theo- 
retical views (GM), on the other hand, favor the assumption that K mesons are 
bosons. Modes of decay consistent with this idea [e.g., «— w + » + (r° or y)] are 
not, thus far, excluded by experiment. The masses reported for the kappa range 
from approximately 900 to 1,500m. (VP, PC), with some clustering of values near 
1,000m. (MM, HT, DR2, SM1, SM3). There is no clear evidence that the kappa 
mass differs significantly from those of the better-known K mesons, hence the entry 
(~m,) in the mass column of Table 8I-1. 

4. Kes meson. Some K mesons arrested in nuclear emulsion have a singly charged 
secondary which suffers along its path Bremsstrahlung loss of a magnitude expected 
for electrons but not for Z mesons (FM3, DC1, KM, GG, HH1). The electrons so 
identified are emitted with various energies;! therefore, a three-body decay scheme 
is assumed: K.3—> e +» +n’, where, as for the Kus, the neutral secondaries are not 
yet identified. In mass, the K.3; meson appears close to the 7 (RD). The remarks 
on statistics made above for the kappa apply as well to the K.s. In fact, the K,3 and 
Kes may turn out to be a single type of K meson which undergoes alternative modes 
of decay. 

Negative K mesons have been Sbaerved as V and S events in cloud chambers, and 
by their nuclear absorption in photographic emulsions (VP, p. 196; FW, LD, HJ, 
HJ1, HJ2, HR2, SN, SM3, TG, DH1, BK1, CW5, FW7). The latter have been 
observed much more rarely than K decay events. 

Production of K mesons with the Brookhaven Cosmotron (HR4, HJ1, HG) and 
the Radiation Laboratory’s Bevatron (KL, BR2, BR3, CW4, GG, RD) has begun 
to be copious and will make possible a rapid growth of our ienowlodie of the inter- 
actions and other properties of K mesons. 

Neutral hyperon A°. Although the A° was discovered and has been mainly observed 
in cloud chambers, the most precise Q values (and hence mass values) have resulted 
from range measurements in emulsion (FM1). These yield Q = 36.9 + 0.2 Mev 
and m = 2,181 + 2m.. Cloud-chamber results are in good agreement (TR1, BH4) 
or fair agreement (AR, VV1) with this Q value. Mean-life measurements from 
various laboratories yield an estimate (PD1) of 3.7 + 0.6 X 107}° sec. The decay 
products of the A° are p and z~; since +~ is a boson, A° must be a fermion. Many 
anomalous Q values have been observed for V° events which have decay products 
resembling those of the A°. 

Charged hyperons: &+. This hyperon appears to have two modes of decay. The 
Q value, and hence the mass, of =+ is best known from its decay into a proton and 
(presumably) 7°. When 2+ decays after coming to rest in emulsion, the proton has a 
definite range (~1.67 mm) and therefore an energy which can be precisely measured. 
From this, the Q and mass are rather well known (BAI, CC, BM2). The alternative 
mode of decay 2+ —> n + z* has been inferred from observations of the secondary 2+ 
(LD2, KD, CM2, YC1, FM2), which yielded an approximate mean of 114 Mev for 
the Q value. However, in typical emulsion observations, the energetic pion leaves 
the stack; so its energy (and therefore the Q value) is not so precisely determined as 
that of the short-range proton in the first mode of decay. What is probably a better 
value, ~110 Mev, is obtained by computing the Q for the alternative decay scheme 
using the known =t mass, 2,327 + 4m,.. The mean life of =+ is estimated to lie 
between 1071! and 3 X 107!° sec (YC1, BC). The symbol 2+, rather than At, is 
employed because this particle does not appear to be the charged counterpart of the 
A°. Like the latter, it decays into a nucleon and pion, but its Q value i is quite different 
from that of the A°%. 

1From 20 to ~260 Mev, in the first seven examples of Kes. 
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' Z~ hyperon. Observations have been reported (FW3, HE, p. 97, YC1) of a nega- 
tive counterpart of the 2+ which decays according to Z~--»>n-+a2-. In emulsion, 
this process is ordinarily indistinguishable from =+ > n + w* since the fast pion’s sign 
is unknown unless it is arrested in the emulsion (and this is likely to happen only 
in a rather large stack). In such cases, the event must be labeled S£-> n + x. 
“Cascade hyperon” =~. This higher-mass hyperon is observed in cloud chambers 
asa V~ event in which a A° (or-rather, its pair of charged secondaries) appears near 
the decay point of the V-, hence the phenomenological name ‘“V-particle cascade” 
(ARI, AC, CE). The charged secondary of Z~ is an L- meson, very probably a 
pion. Thus, in the scheme Z- — A° + a, the parent as well as the daughter hyperon 
each gives rise, successively, toa a. The Q in the primary decay is ~65 Mev; that 
in the decay of the secondary A° is, as usual, 37 Mev. : tg eee ga Bie ae 
_ There is some evidence for nuclear interactions of charged hyperons (FM2, JR, HE). 

Associated production of hyperons and K mesons (PA, NY, PD2) according to the 
scheme x + p— Y + K, where the products may be either charged or neutral, has 
heen observed (FW2, FW3, FW5, DC, TR2). Ata pion energy of 1.5 Bev the cross 
section for this process is ~1 millibarn (FW4). The term “associated production ”’ 
also embraces interactions in which a K meson is absorbed and a Y particle emitted 
(e.g., DH1, HJ1), or in which both a K meson and: hyperfragment (see below) are 
emitted (DA1). Simultaneous production of Z- and two 6° mesons has been observed 
(fG, GM2). There is also an indication of associated production in nucleon-nucleon 
collisions (BM3). a oe | 

Classification schemes have been proposed (GM, GM1, GM2, SR1) for K mesons 
and hyperons based on the assignment of an isotopic spin to each, and the correlation 
of their properties with this quantum number. The existence of additional unstable 
particles has been inferred from such schemes. . At least one of these, a charged 
hyperon even heavier than the =~, has possibly been observed (EY); others; such as 
the 2°, would be difficult to detect. - | 

Hyperons as excited nucleons. The modes of decay of Y particles suggest that a 
hyperon is an “excited nucleon’? which transforms into a lower-energy nucleon by 
emitting a pion. This view gains support from the production of hyperons in col- 
lisions in which the primary energy is insufficient to provide the rest mass of the 
hyperon (FW1, FWwe2, SM2, PC2). Moreover, under certain conditions a hyperon 
can apparently take the place of an ordinary nucleon in an excited nuclear fragment 
(DM), as discussed below. | 7a 

Bound hyperons; hyperfragments. The disintegration of certain unstable nuclear 
fragments produced in high-energy collisions is interpreted as due to the decay of 
bound A° particles contained in these “hyperfragments” (DM, CP, BA2, TD, CJ3, 
FP1, HR3, FW4, FW6, GR, SN1, PC2).1 This decay may be “mesonic,”’ in which 
case a pion is emitted, or “nonmesonic,” in which event its rest-maés energy is 
available for the kinetic energy of the fragment’s disintegration products (CW8). 
There is evidence that a A° particle is bound more weakly than is the neutron which 
it supplants. A notable example. is the hyperfragment ‘He* (HR3, SN1). The 
existence of hyperfragment ‘H * has been predicted (DR3) and independently observed 
(GS). Also, the possibility of various dinucleon hyperfragments has been proposed 
(PH), including that of an excited dineutron; decay of the latter may have been 
observed (LD). | os ° , es gy 
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8m-1. Introduction. Health physics, or radiological physics, is'a branch of physics 
relating to other sciences‘and in particular to biology, chemistry, industrial hygiene, 
and engineering. It deals with the scattering and loss of energy of i ionizing radiation 
and the damage produced by this radiation in passing through - matter. It relates 
to the design and proper use of sources of ionizing radiation, : instruments for measuring 
the properties of this radiation, the. absorption and scattering of this radiation in 
protective shields and in human tissue, engineering problems associated with the 
construction. and. use of facilities for the proper handling of sources of ionizing. radi- 
ation, and the setting and enforcement of proper standards of radiation protecuon: | 


Definition of Units and Terms Commonly Used in Health Physics 


_ Roentgen (r). That quantity of X or gamma radiation such that the: associated 
corpuscular emission per 0.001293 g of dry air (equal 1 cc at 0°C and 760 mm Hg) 
produces, in air, ions carrying 1 esu of quantity of electricity of either sign. 

Roenigen Equivalent Physical (rep). That amount of ionizing radiation of any 
type which results in the absorption of energy at the point in question in soft tissue 
to the extent of 93 ergs/g. Tt 8 approximately equal to 1 roentgen of about 200 kv 
X radiation in soft tissue. 

Rad. An ionizing radiation unit corresponding to an absorption of f energy in any 
medium of 100-ergs/g (1; rad i in tissue = 100/93 rep). 

Roentgen Equivalent Man (rem). That amount. of ionizing radiation of aay type 
which pee the same damage to man as | roentgen of about 200 kv X radiation. 
(1 rem = 1 rad in tissue/RBE. It should be noted that, when the physical | dose is 
measured in rep units, the approximate definition is used: l rem ~ 1 rep/ RBE. ) 

Relative Biological Effectiveness (RBE). The biological effectiveness of any type 
of energy of ionizing radiation in producing a specific biological damage (e, gZ.; leukemia, 
anemia, sterility, carcinogenesis, cataracts, shortening of life span, ete.) relative to 
damage produced by X or gamma radiation of about 200 kv. It is given frequently 
as aN average. value in the common energy range of a. perc we type a ion (see 
Table 8m-2). 

Curie. (cy. -A unit of radioactivity sche as the. quantity. of any eadicactine 
nuclide in which the number of disintegrations per second is 3. 700 X 10%. ‘Latest 
measurements of the half life of Ra??* seem to indicate that the activity of a gram 
of Ra??6 is slightly less than 1 curie. 

Bragg-Gray Principle! and applications of it are uséd as the biiais oe many measure- 
ments of ionizing radiation. According to this principle the energy loss (dE /dm), of 


1W. Bragg, ‘‘Studies in Radioactivity, ” 1912; L. H. Gray, Proc. Roy. Soc. (London) ‘ 
ser. A, 122, 647 (1929) ; 156, 578 (1936); Brit. J. Radiol. 10, 600, 721 (1937) ; Proc. Cambridge 
Phil. Soc. 40, 72 (1944). 
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ionizing radiation absorbed per -unit of mass of a given medium is related to the 
ionization absorbed in a small gas-filled cavity in said medium by means of the 
following expression: " | a : 


dE ee, a 
‘E) eee 


where P, is the relative mass stopping power of the medium with respect to the gas, 
W,, is the average energy required to produce an ion pair in the gas, and J, the quantity 
that is usually determined experimentally, is the number of ion pairs produced: per 
unit mass of the gas in the cavity. It should be emphasized that, in order for this 
principle to hold, the gas cavity must be small compared with the range of the ionizing 
particles and both W, and P, must be independent of the energy of the radiation. 
A special application of the Bragg-Gray principle is to’ construct the walls of the 
chamber and the gas of the same material, ¢.g., air ot tissué equivalent, and under 
these conditions the principle applies when the’ cavity is latge compared with the 
range of the ionizing particles. 


Conversion Equations Relating Dose to Flux 


. , 2.08 X10°3W. 7.1 X 104 - 


(MELO TAX I0. tana /omt 
1 rfor = es ax ae photons /em? sec 
Trad = EOI por afemt 

1 rad/hr ~ ae | x/oint sec 


- In these equations W, is the average energy per ion pair (ev/ip), S, is the average 
specific ionization (ip/cm), and (u — o,). is the total coefficient of absorption minus 
the Compton-scattering coefficient] of: energy, E (Mev), in air. P; is the relative 
mass stopping power in tissue relative to air. ‘The ‘final values given in the above 
equations are for density of air, p2 = 0.001293 g/ce.. gt eS ak ce 
_ 8m-2. Equations Used Frequently in Health Physics. Common Shielding Equations. 
POINT SOURCE: Dose rate at distance X (centimeters) froma 1-curie point source:. 


> 15) (u — o,) Eye": *f,B;108 ; | | 
ok ee ieee | 
Bee 22st —=) So - 


X2 


in which R; = r/hr at 1 em:distance from a 1-curie point source emitting photons of 
energy £; (Mev), Rp = total r/hr at distance X (cm) froma 1-curie point source, 
ui is the total coefficient of absorption (in cm-! of medium between source and point 


of measurement), f; is the fraction of emitted photons having energy E;, and («u — o,); 
is the total minus the Compton-scattering coefficient of absorption (in cm of air) for 


* Final approximate equation correct from 0.07 to 2.0 Mev within about 12. per cent, 
assuming W 4 = 34 ev per ion pair. © . Be tE, aati eter. & ne ye Mage: 

t Final approximate equation .correct from 0.01 to 2.0 Mev within about 6 per cent, _. 

} Final approximate equation correct from 1.0 to.6.0 Mev within about 6 percent. 
_ 4 W. 8, Snyder and J. L. Powell, Absorption of -y-Rays, Report ORNL-421, March, 
1950; G..R. White, X-ray Attenuation. Coefficients from 10 kev to 100 Mev, Nail. Bur. 


Standards (U.S.) Rept. 1003, May.13, 1952. . 
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photons of energy E;. The term B; is the build-up factor due to the scattered radi- 
ation of energy E;. Its value! depends upon the width of the beam and the distance, 
volume, and atomic number of the scattering medium. For a short distance. X from 
the point source (i.e., a few meters) in air 


ebiXB;, = 1 
General Equations Applied to Beta Radiation 
1, Range of beta radiation | 


Xi w ; (0.542, — 0.13(1 — e-82%m)] 


in which X = range in centimeters of medium of density p (g/cc). The maximum 
energy of the beta radiation is Em (Mev). oe oat eal, 20) 
2. Average energy of beta radiation is given approximately by the equation _ 


zs re a 
B ~ 0.38En (1-3) (1+-p) ae 


in which E is the average energy from the normal distribution of energies from a source 
of atomic number Z that emits beta radiation with a maximum energy Em. 
Maximum Permissible Body Burdens and Concentrations of Radtotsotopes in Air and 
Water.2 One should attempt to avoid all unnecessary exposure to ionizing radiation, 
but for practical reasons maximum permissible exposure levels have been set by the 
following equations. | 
1. Maximum permissible body burden g under equilibrium conditions 


_ 8.4 X 107m 
1 = -SE(RBE)N — 


in which q (uc) in the total body under equilibrium conditions delivers a dose rate 
of 0.3 rem/week to the critical body organ of mass m (g). The nonuniform distribu- 
tion factor N is taken as 5 for alpha, beta, and recoil components of energy emitted 
by radioisotopes for which the bone is the critical organ, with the exception of Ra?*6 
and P32, in which case it is 1. The term f2 is the fraction in the critical organ of that 
in the total body, E is the average energy (Mev), and RBE is the relative biological 
effectiveness of the radiation (= 1 for beta and gamma emitters, 10 for alpha, and 
20 for atomic recoils). The critical body organ is the one receiving the radioisotope 
that results in the greatest body damage, and the equilibrium condition of exposure 
is considered to exist after the material has been consumed for a sufficient time that 
the amount taken into the body per day is equal exactly to the amount eliminated 
per day by radioactive decay plus biological elimination. 

In the case of alpha-emitting radioisotopes for which the bone is the critical organ, 
use is made of the long-standing generally accepted value of gq = 0.1 ye for Ra??° by 
making a comparison on an energy basis with Ra2?* by means of the equation | 


7 #2E(RBE)N 


1G. H. Peebles, Gamma-ray Transmission through Finite Slabs, Rand Report R-240, 
Dee. 1, 1952. yg Ye - faa . ale 

2 For detailed information on maximum permissible exposure levels, refer to “Maximum 
Permissible Amounts of Radioisotopes in the Human Body and Maximum Permissible 
Concentrations in Air and Water,’’ Handbook 52, Superintendent of Documents, Wash- 
ington, D.C.; Report of the International Commission on Radiological Protection, Supple- 
ment No. 6, Dec. 1, 1956; and K. Z. Morgan and M. R. Ford, Developments in Internal 
Dose Determinations, Nucleonics 12 (6), 32-39 (June, 1954). | o 
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2. Maximum permissible concentration: in air’ (MPC). and water (MPC), under 
equilibrium conditions, 


3.5 X 10-8qf. 
(MPC). = iba 
(MPO), = 3.1 XK 10-‘4¢fe 


Ifo (1 — e@%. 693t/T’) 


in which (MPC), and (MPC). are given in wc /cc of air and water, respectively, that 
will result in a dose rate 0.3: rem/week to the critical organ after an exposure for a 
time ¢ (days). fa and fy are the fractions that arrive in the critical organ from inhala- 
tion and ingestion, respectively, and the effective half life 7 (days) in the critical 
organ is given by the equation 

3 . ToT, 


TRL 


in which 7; and 7’, are the biological and radioactive half lives, respectively. 
In the case of noble gas, 


9X 1077 
(MPC) meas aa 


3. Dose delivered to the critical body organ following a single intake, 


pp = TAZE(RBE)N floT (1 — e70-693/7) 
| 3 m | 

in which D = dose in rem delivered to the critical organ of mass m (g), in time ¢ (days), 

when [ (uc) are taken into the body in a single event and the fraction f is deposited 


in the critical organ. 


8m-8. Tables of Values Giatineniy Used in Health Physics 


TaBLE 8m-1. ConvERSION Factors ror X- oR GAMMA-RAY ABSORPTION IN AIR 
(Values corresponding to 1 roentgen) 


Absorbed in 1 ce of Air Absorbed in 1 g of Atr 
1 esu/ce 773.4 esu/g 
2.083 X 10° ion pair/ce 1.611 X 10% ion pair/g 
3.336 X 107! coulombs/ce 2.58 X 10-7 coulombs/g 
7.09 X 10° ev/ce 5.48 X 104 ev/g 
0.1138 ergs/cc 87.8 ergs/g 
1.13 X 10-8 joules/cc 87.8 X 10~° joules/g 


2.71 X 10-° cal/ce 2.09 X 10-* cal/g 


ef OME TIE Ta ET 
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Tapia 8m-2. GuneraL’ VaLues of Maximum PerRmissIB.e. Exposure: 
vo Various TypEs oF IonIzING RaDIaTION. _... eg 


|. Gen. 
mrad/week | values Approximate flux for 
Type mr /week _in tissue of mrem/week an 8-hr exposure 
RBE 
MOF Yi avess ~ 300 | 4,200 photons/cm? sec 
we a of 1 Mev 
Bee ee a | 458/em? sec of 1 Mev 
— Binax’ ee 
e~ 68 electrons/cm? sec 
of 1 Mev 
Ne. 2,000n,/cm? sec of 
0.025ev* = 
Te ee 58n;/cm? sec of | 
2 Mev* 
+ Dig whateee es 0.17p/cm? sec of 
5 Mev . ee 
Oe tiaGh ears 0.014a/cm? sec of 
5 Mev 
O, C, N, ete ‘10.0006 oxygen ions/ 


cm? sec of 5 Mev 


. * Values obtained by W..8. Snyder, ‘Calculations for Maximum Permissible Exposure to Thermal 
Neutrons, Nucleonics 6, 2, 46-50 (February, 1950); also W. 8S. Snyder and J. Neufeld, Calculated Depth 
Dose Curves in Tissue for Broad Beams of Fast Neutrons, Brit. J. Radiol. 28, 342 (1955). nied 
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TasLe 8m-4. MAXIMUM PERMISSIBLE. Fiux or a Normat Beam or NEUTRONS 
RequirED To De.iverR A Dose OF 0.3 REM PER 40-HR WEEK : 


International (ICRP) 


Neutron. | Calculated’ 
energy, values,* | max permissible values, 
Mev n/em?/sec © n/em?/sec 
ee et ee 
10 30 
5 30 
4 30 
3° 30 
2 40 
> 5 60 
0.5. 80 
0.1. 200 
0.01 ) 1,000 
10-5 1600(1600) 2 ,000 
2.5 * 1078 | 1,909(2,000) 2,000 


* Values obtained by W. 8. Snyder, Calculations for Maximum Permissible Exposure to Thermal 
Neutrons, Nucleonics 6, 2, 46-50 (February, 1950),. Calculated Depth Dose Curves in- Tissue for Broad 
Beams of Fast Neutrons, Brit. J. Radiol. 28, 342 (1955), and Papers of Health Physics Society meeting 
in Ann Arbor, Mich., June, 1956. All values are calculated with reference to a 30-cm tissue phantom. 
The values in parentheses assume the functional relationship between RBE and linear energy transfer 
as given in the National Bureau of Standards Handbook 59. The other calculated values assume 
RBE = 1 for X and 7 radiation, RBE = 10 for protons, and RBE = 20 for heavy recoil ions. 


TasBLE 8m-5. Maximum: PERMISSIBLE: CONCENTRATIONS OF RADIOISOTOPES 
in AIR AND WaTER FOR CoNTINUOUS ExpPosuRE* 


Medium in which | 8 or v emitter, ea emitter, 
contained pe /ce ue /CC 

aot a ceatee 10-* ~=6 | «65 X10” 

Water vast icscdsss — 107 10-7 


* These values are reduced by a factor of 10 when applied to minors and to large populations. These 
are general values which are considered to be safe for limited exposure (for a few months) to any mixture 
of radioisotopes. The reader is referred to various publications for values of maximum permissible 
concentrations of specific radioisotopes. See “ Maximum Permissible Amounts of Radioisotopes. in 
the Human Body and Maximum Permissible Concentrations in Air and Water,’’ Handbook 52, 
Superintendent of Documents, Washington, D.C.; Report.of the International Commission on Radio- 
logical Protection, Supplement No. 6, Dee. 1, 1954; and K. Z. Morgan and M. R. Ford, Developments | 
in Internal Dose Determination, Nucleonice 12 (6), 32-39 (June, 1954). os a 
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TaBLE 8m-6. THEORETICAL VALUES OF (u — os)air AND OF r/hr 
AT 1 m FROM A 1-cuRIE SOURCE 


Energy, |(u —os)air,* | r/hr at 1 m from 


Mev em?/g 1-curie source { 
0.02 0.50 0.16 
0.04 0.078 0.063 
0.06 0.035 0.042 
0.08 0.025 0.040 
0.10 0.023 0.047 
0.20 0.026 0.11 
0.40 0.029 0.23 
0.60 0.029 0.35 
0.80 0.028 0.45 
1.0 0.027 0.55 
2.0 0.023 0.93 
4.0 0.019 1.5 
6.0 0.017 2.1 
8.0 0.016 2.6 

10 0.015 3.0 

20 0.013 5.3 

40 0.013 11 

60 0.014 17 

100 0.015 30 


* W.S. Snyder and J. L. Powell, Absorption of y-Rays, Report ORNL-421, March, 1950; G. R. White, 
X-ray Attenuation Coefficients from 10 kev to 100 Mev, Natl. Bur. Standards (U.S.) Rept. 1003, 
May 13, 1952. 

t These values do not include contributions to the dose due to air scattering and absorption. If 
absorption of air is included, the value of r/hr at 1 m from a 1-curie source for 0.02 Mev would be 
reduced by 8%, the value for 0.04 Mev by 3%, the value for 0.06 Mev by 1%, and the correction 
would be insignificant for the other values. 


8m-4. Regulations for the Shipment of Radioactive Materials. The reader should 
refer to official publications! for detailed information on the shipment of radioactive 
materials. General limitations for the shipment of radioisotopes are: 

1. Package must not be less than 4 in. in its smallest outside dimension. 

2. A single package must not contain more than 2 curies (2.7 curies? of less danger- 
ous radioisotopes). 

3. Surface of package must contain no significant contamination. 

4, Dose rate at any accessible surface must not exceed 200 mr/hr (or equivalent 
in mrem/hr). 

5. Dose rate at 1 m must not exceed 10 mr/hr. 

6. Shipments of radioactive materials by rail and motor express, air, and boat 
fall into four categories (groups I, II, III, and exempt). Only exempt shipments 
may be made by mail. 


1 Robley D. Evans, Chairman of the Subcommittee on Shipment of Radioactive Sub- 
stances, ‘‘ Physical, Biological and Administrative Problems Associated with the Trans- 
portation of Radioactive Substances.” ICC shipping regulations are given in Title 49, 
Parts 71 to 78, of the Code of Federal Regulations; Civil Aeronautics Board regulations 
are given in Part 49 of the Civil Air Regulations, ‘‘ Transportation of Explosives and Other 
Dangerous Articles’’; regulations of the United States Coast Guard are given in the Federal 
Register, July 17, 1952, pp. 6460ff.; regulations governing the transportation of radio- 
active materials in the U.S. Mails are given in the U.S. Postal Guide, p. 51, pt. I, 1951 ed. 

2 The subcommittee on Shipment of Radioisotopes of the National Research Council at 
its meeting in September, 1954, recommended to the Bureau of Explosives that this limit 
be raised to 300 curies. 
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References to table are shown by the letter T, and peteretioes to figures are shown 


by the letter f. 
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Absolute ohm, definition of, 5-105, 5-198 
Absolute photopic luminosity, definition of, 
6-50 
Absolute scotopic luminosity, definition of, 
6-53 
Absolute therinioslecérie power, 5-98 
Absolute viscosity, definition of, 2-201, 
2-203 = 
units and conversion ixston for (T), 
2-202 - 
of various gases (T), 2-207 
Absolute volt, definition of, 5-105 
Absorption, of light, 6-36 to 6-40 
and scattering of em waves, 5-70 to 5-71 
of sound, 3-43 to 3-53 sy. 
and heat radiation, 3-49 to 3-50 
vs. temperature, of sound in water ®, 
8-69 
Absorption coefficient, of audience (T), 
3-116 
for building jaa tecials (T), 3-116 
definition of, 6-2, 6-36. 
vs. frequency for acoustic tiles (f’s), 
3-114, 3-115 
of seats (T), 3-116 
of sound (f), (T), 3-113 to 3-116 
in water (f), 3-71 
of various substances (T), 6-37 | 
Absorption constant, definition of (optical), 
6-102, 6-103 . 
of evaporated mirror coatings (T), 6-104 
of organic liquids (T), 3-73 
of various metals (T’s), 6-105 to 6-107. 
Absorption cross section, §-71 
universal average, 5-71 to 5-72 . 
Absorption factor, definition of, 6-2 . 
Absorption measure in sound, 3-45 to 3-46 
. Absorption spectrum, definition of, 6-2 


Absorptive power, definition of, 6-2 
Absorptivity, definition of, 6-2 = | 
Abundance, of the elements (T), 7-9 to - 
7-12 
per cent of stable nuclei (T), 8-6 to 8.17 


A-C to d-c, application chart (T), eee 


conversion of, 5-260 to 5-268. 
A-C generators, 5-258 
A-C motors, fractional hp characteristics of 
(T), 5-253 
and generators, 5-246. i 5-250 se 
integral hp characteristics of (1), 5-254 
to §-255 
A-C resistance, ratio to d-c for solid round 
wire (T), 5-201 
Acceleration, definition of, 2-3, 3-2 
due to gravity (T), 2-91 
of electrons and protons, 8-172 to 8-181 
Accelerators, electrostatic, world-wide list 
of (T), 8-182 to 8-188 . 
linear, world-wide list of (T), 8-200 te 
8-201 | 


particle, various bee of, 8-172 to 8-181: 
world-wide list of (T’s), 8-181 to 8-201. 
Acceptable noise level for different rooms, 


3-122 
Acceptors and binding energies (T), 5-160, . 
§-163 ss; 
Acetates, acoustic’ properties of (T), 3-72 
Acetone volume related to pressure and 
temperature (T), 2-158 
Achromatic, definition of, 6-2 
Acids, index of refraction of (T), 6-22 
Acoustic, definition of, 3-2 
(See also Sound) | 


Acoustic absorbing materials, porosity and 


permeability of (T), 2-180 
Acoustic analogues, of capacitor and con- 
denser, 3-141 to 3-142 . 
of electric circuit elements, 3-140. te 3-142 
of transducers and transformers, 3-177. 
Acoustic analogy, units for, 3-177 
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Acoustic attenuation constant, definition of, 
3-8 
Acoustic capacitance, 3-136 
Acoustic center, 3-11 
Acoustic compliance, definition of, 3-8, 3-10 
Acoustic energy, continuity equation for, 
3-44 
Acoustic energy balance, 3-44 
Acoustic energy flux vector, 3-42, 3-44 
Acoustic equations, of first order, 3-33 
of second order, 3-34 
small-signal, 3-32 to 3-34 
Acoustic impedance, 3-108 to 3-110 
definition of, 3-8, 3-113 
of ear (T), 3-123, 3-124 
specific, of pulsating sphere, 3-108 to 
3-109 
of a thermoviscous medium, 3-53 
vector, equation for, 3-138 
Acoustic intensity, 3-6 
Acoustic losses, in ferromagnetic and ferro- 
' electric materials, 3-85 to 3-86 
in metals, 3-84 to 3-88 
Acoustic mass, definition of, 3-8 
Acoustic medium and thermal noise, 3-53 
to 3-55 
Acoustic ohm, definition of, 3-9 
Acoustic phase constant, definition of, 3-9 
Acoustic power, definition of, 3-108 
Acoustic pressure, alteration of; 3-39 
Acoustic propagation constant, deni Hon 
of, 3-9 
Acoustic properties, of gases, 3-56 ts 3-66 
of liquids, 3-67 to 3-74 Ls 
liquids vs. gases, 3-67 | 
of organic liquids (T), 3-72 to 3-73 
of solids, 3-74 to 3-88 
Acoustic radiation pressure, 3-43 
Acoustic radiation resistance, of pulsating 
sphere, 3-108 
of sphere and piston (T), 3-110 
Acoustic reactance, definition of, 3-9 
Acoustic resistance, 3-134, 3-136 
definition of, 3-9 
Acoustie tile, absorption vs. frequency 
characteristics (f), 3-114, 3-115 | 
Acoustic variables, 3-32 
Acoustical, definition of, 3-2 — 
Acoustical definitions, 3-2 to 3-18 
Acoustical energetics, 3-41 to 3-43 
Acoustical quantities (T), 3-139 
conversion factors for (T), 3-24 
letter symbols for, 3-18 ‘to 3-24 
Acoustical schematic diagrams, based on 
impedance analogy (T), 3-145 to 3-176 


based on mobility analogy (T), 3-144 to | 


3-176 
Acoustical symbols (T), 3-139 | 
Acoustical systems, electrodynamical 
analogies to, 3-134 to 3-139 
graphical analogies to electrodynamical | 
- systems (f’s), 3-136, 3-137 
with one degree of freedom, 3-137 to 
3-138 
Acoustical units (T), 3-139 


Acoustical waves of finite amplitude, 3-37 
to 3-39 
Acoustics, architectural, 3-113 to 3-122 
selected references on, 3-178 to 3-179 
Activation cross section of neutrons, defi- 
nition of, 8-130 
Activation energy of pure ionic conductors 
(T), 5-186 to 5-188 
Adiabatic compressibility of organic liquids 
(T), 2-163, 2-164 
Adiabatic demagnetization, 4-15, 7-171 
Adiabatic gas, pressure-density relation for, . 
3-35 
Adiabatic isothermal elastic constants of 
various metals (T), 3-83 
Adiabatic modulus of elasticity, 2-85 to 
2-86 
Adiabatic temperature change in sea water, 
2-121 
Adiabatic viscous fluid, equation for, 3-33 
Aftershock in earthquakes, 2-113 
Aichi’s formula, 5-14 
A.I.E.E. standards, 5-246 
Air, absorption of sound by, 3-63 to 3-66 
characteristic impedance of (T), 3-63 
composition of atmosphere (T), 2-125 
compressibility factors for (T), 4-82 . 
critical energy and radiation length for 
(T), 8-39 | 
energy loss of protons in (£), 8-26 
enthalpy of (T), 4-85 
entropy of (T), 4-86 
maximum permissible concentration of 
radioisotopes in (T), 8-256 
Prandtl numbers for (T), 2-222 
range-energy relation for protons in (f), 
8-27 
recombination coefficient in (fs), §-177, 
5-178 
relative density of (T), 4-83 
specific heat of (T), 3-59, 4-84 
thermodynamic conversion factors for 
(T), 4-81 
virial coefficients for (T), 4-128 
voltage breakdown in (f’s), 5-179, 5-180 
X-ray and gamma-ray absorbuon in (T), 
8-253 ' 
Air columns, fundamental frequency of, 
3-102 to 3-103 
Air-earth currents, 5-285 
density at various locations (T),: 5-285 
Aircraft engines, lubricating oil specifica- 
tions for (T), 2-168 
a-Alanin, diffusion coefficients of (T), 2-192 
Albedo measurements (T), 2-132. 
Alcohols, saturated, acoustic properties of 
(T), 3-72 i 
Alloys, creep rates for (D), 2-89 to 2-90 
demagnetization curves of (f), 5-218 © 
density of, 2-22 to 2-30 
elastic and strength constants of (T), 
2-62 to 2-78 
Hall constants of (T), 5-237 to 5-239 . 
linear expansion coefficients of (T), 4-57 
to 4-60 . 
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Alloys, magnetic, magnetization curves of, 
(f), 5-214 
properties of, for permanent magnets . 
(T), 5-219 : 
resistivity vs. temperature for. (T),. 4-13 
saturation magnetization and Curie 
points of (f) (T’s), 5-207, 5-209 to 
§-210 | 
skin-effect quantities (T), 5-90 
superconducting transition temperatures 
for (T), 5-205 
thermal conductivity of (T), 4-67, 4-77, 
4-79 
thermal emf of, relative to platinum (T), 
4-9 
Alnico 5, demagnetization and energy- 
product curves of (f), 5-218 — 
Alpha decay, lifetimes and theory, 8-54 to 
8-56 
Alpha decay energy, 8-40 
vs mass number (f), 8-46 
Alpha-decay-energy profile (f),-8-46 
Alpha emitters, alpha-particle Jenergies and 
abundances of (T), 8-48 to 853 
log half life vs effective alpha energy for 
(f), 8-54 . . 
various kinds of, 8-46 to 8-54 
Alpha groups, principal and rare, 8-46 to 
8-47 


Alpha-particle energies of alpha emitters 
(T), 8-48 to 8-53 
Alpha particles, abundance of alpha 
emitters (T), 8-48 to 8-53 
maximum permissible exposure to (T’s), 
8-254, 8-255 
range-energy relation in Ilford C-2 emul- 
sion, 8-32 
range straggling in copper (f’s), 8-37 
symbols for, 8-3 
Alpha spectra, complex, 8-40, 8-46 to 8-54 


Alphabetical list of elements (T), 7-5 to 7-7. 


_ Alternate-gradient synchrotron, descrip- 
tion of, 8-177 to 8-178 
Alternating current, application chart for 
conversion to d-c (T), 5-262 
Altitude, variation of atmospheric con- 
ductivity with (T), 5-286 
variation of atmospheric electric field 
with (T), 5-286 
Altocumulus clouds (f), 2-130, 2-134 
Alumel, emf of chromel vs alumel thermo- 
couples (T), 4-12 
Aluminum, absorption curve for electrons 
in (f), 8-38 
energy loss of protons in (f) (T), 8-28, 
8-35 
proton straggling in (T), 8-36 
range-energy relation, for electrons in 
(f), 8-39 
for protons in (f), 8-29, 8-31 
Aluminum alloys, density of (T), 2-24 
elastic and strength constants for (T), 


2-64 to 2-65 
Aluminum I, energy-level diagram of (f), 
7-31 


Amagat units, definition of, 4-118, 4-119 


Ambient pressure in flowing liquids, 2-182 
Ambipolar diffusion coefficients for several] 
gases (T), 7-218 
American speech, characteristics of sounds 
in (T), 3-131 to 3-132 
Ammonia, efficiency of electron attach- 
ment in (f), 5-176, 5-177 
Amorphous selenium, index of refraction 
of (T), 6-26 to 6-27 
Amorphous solids, dielectric properties of 
(T’s), 5-120 to 5-132 
Ampere, definition of, 5-2 
international vs. absolute (T), 5-106 
Ampere’s law, 5-3 
Amplitude of seismic waves, 2-102 to 2-103 
Analogies between electrical, mechanical, 
and acoustical systems, 3-134 to 3-139 
Anechoic chamber, definition of, 3-2, 3-17 
Anelasticity, 2-84 to 2-86 
logarithmic decrement, 2-85 
mechanical model of (f), 2-84 
Angular aperture, definition of, 6-2 
Angular correlation of gamma rays, 8-93. 
Angular momentum, definition of, 2-6 
of electrons, 7-17 ; 
of light nuclei (f’s) (T), 857 to 8-86 
Anisotropic media, field vectors for, 5-38 
Anisotropic wave propagation systems, 
5-64 to 5-65 
Anisotropy constants of uniaxial crystals 
(T), 5-222 
Anode, definition of, 5-3 
in electrochemistry, 5-269 
Anomalous dispersion of sound, 3-51 
Anomalous skin effect, 5-200 
Antiferroelectric crystals, properties of (T), 
5-156 
Antiferroelectric materials, definition of , 5-3 
Antiferromagnetic materials, definition of, 
§-3 
and neutron diffraction (T), 5-227 to 
§-228 
orientation of magnetic moments in (f), 
§-229 
Antiferromagnetic points of various sub- 
stances (T), 5-226 
Antiferromagnetic resonance, 5-104 | 
Antiferromagnetism, 5-102, 5-224 to §-229 
Antineutrino, 8-3 . 
Antinodes, definition of, 3-2 
Apochromat, definition of, 6-2 
Approximation methods in wave mechanics, 
7-165 to 7-167 
Aqueous solution, isothermal compressi- 
bility of (T), 2-164 
surface tension of (T’s), 2-175, 2-177 
Verdet constants for (T), 6-93 
Archimedes, principle of, 2-12 
Architectural acoustics, 3-113 to 3-122 
Area, units and conversion factors for (T), 
2-16 
Argon, compressibility factors for (T), 4-87 
electron energy losses in (f), 5-181 
enthalpy of (T), 4-90 
entropy of (T), 4-91 
relative density of (T), 4-88 
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Argon, specific heat of (T), 4-89 
thermodynamic conversion factors for 
(T), 4-81 
virial coefficients for (T), 4-121 
Argon I, energy-level diagram of (f), 7-33 
photoelectric traces of spectrum (f), 7-63 
to 7-66 
principal spectral lines of (T), 7-58 to 7-62 
Arsenic trisulfide glass, index of refraction of 
(T), 6-26 to 6-27 
Articulation, acoustic, definition of, 3-12 
sound, syllable, vowel, or consonant, 8-13 
Articulation index, 3-132. to 3-133 
and articulation scores (T), 3-133 | 
Artificial radioisotopes, 8-96 to 8-128 — 
ASA standards, 5-246 — 
Asbestos insulation and current capacity of 
conductors (T), 5-202 to 5-203 
Astatic inductors, 5-111) -050 
Astigmatism, definition of, 6-2 
Astronomical constants (T), 2-91 
Astronomical data, 2-90 to 2-91 
Astronomical problem in geodesy, 2-93 
Astronomy, radio, 6-120 to 6-123: 
Asymmetric-top molecules, rotational con- 
stants ‘and geometrical parameters of, 
five-atom (T), 7-159 
four-atom (T), 7-155. 
six-atom (T), 7-161 
triatomic (T), 7-153 — 
Asymptotic speed of sound, 3-48 © 
Atmosphere, characteristics on ions in (T’ 8), 
§-284 ae 
composition of (T), 2-125 - 
conductivity, electric field, and air-earth 
current density of (T), 5-285 
éeadaciisity vs altitude for (T), 5-286 
 @lectrie field vs altitude (T), 5-286 
as unit of pressure, 2-15 
upper, electrical characteristics of, (T), 
§-284 
properties of, 2-128 to 2-130 
Atmospheric density vs elevation (T), 
3-58 
Atmospheric diffusion (f), 2-135 
Atmospheric electricity, 5-283 to: 5-289 
Atmospheric ionization, 5-283 to 5-284 
Atmospheric precipitation, charue on pe 
cles (T), 5-287 
Atmospheric pressure, 3-56 
vs elevation (T), 3-58 
Atmospheric temperature, 3-56 
vs elevation (T), 3-58 
Atomic constants (T), 7-3 


Atomic diameters of elements (T), 7-9 to 


7-12 

Atomic hydrogen, hyperfine splitting of (T), 
6-122 

Atomic levels of n equivalent electrons (T), 
7-21 


Atomic mass (T), 7-3 
. of deuterium, 8-4 
of hydrogen, 8-4 
of neutron, 8-4 
of stable nuclei (T), 8-6 to 17 
Atomic number of elements (T), 7-5 to 7-8 
Atomic rotatory power, definition of, 6-7 


Atomic spectra, present status of analyase! 
(T), 7-22 to 7-24 
principal lines in, Argon I (f) (T), 7-58 to | 
7-66 
Helium (Tf), 7-44 to 7-45 
Iron I (f) (T), 7-87 to 7-118: 
Krypton I (f) (T), 7-66 to 7-74. 
Mercury I (f) (T), 7-119 to 7-122 
Neon I (£) (T), 7-45 to 7-58 | 
Xenon I (f) (T), 7-74 to 1-87 
structure of, 7-16 to 7-26 — 
Atomic susceptibility of elements (f), §-236 
Atomic units, conversion factors of (T), 7-4 
Atomic weights, of elements (T), 7-8 to 7-12 
Atoms, electronic structure of (T), 7-13 to 
7-15 
energy-level diagramé of (f’ ay 7-26 to 7-37 
persistent spectral lines of (T), 7-39 to 
7-41 
Attenuation, of em waves, 5-58 to 5-59 
and heat flow in metals (T), 3-83 
of neutrons in ‘concrete and water, 8-169 
of sound; 3-63 to 3-66. 
Kneser’s nomogram for ®, 3-64 
due to radiation, 3-50 | 
vs relative humidity @), 3-66 i 
in solids, 3-79 
of standard r-f cables (f), 5-57 
Attenuation constant, 3-8, 3-17, 3-63 © 
vs relative humidity (f), 3-117 
Attenuation peaks in capper ayes (f), 
3-88 = - | 
Audibility erecheld: definition: of, 3-14 
Audience, absorption coefficient of, 3-116 
Audio frequency, definition of, 3-2 — 
Audiogram, definition of, 8-12. — 
Auditory meatus, dimensions 2 (T), 3-123 
Auger electrons, 8-3 
Aural harmonic, definition of, 3-12 
Autotransformers, 5-260 
Average acoustic pressure, 3-39 
Average velocity, 2-2. 
Avogadro’s number (T), 7-35 
Axially symmetric gas flow, 2-217 6 2219 
Axis, principal, 3-11 
reference, 3-11 — 
aus quantum number, 7-16 


B 


Balmer series af siecteal lines, deinen 
of, 6-3 

Band-pass filter sections: design of: ), 5-86 
to 5-89 

Band. power level, definition of, 3-2 

Band pressure level, definition of, 3-2 

Band-spectrum constant (T), 7-3 

Bar, of elliptical cross aecuion, self-induct- 
ance of, 5-28 

frequency of vibration of, 3-104, 3- 106 

Bar magnets, 5-35 to 5-36 ° 

Barium, Young’s modulus vs sempermture 
for (f), 3-96 

Barium-titanate type iianaeen materials, 
3-92 

Barn, definition of, 8-3 

Barnet effect, 5-103 
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Barometric pressure, 8-57 
Base vectors in different coordinate systems 
(f’s), 2-2; 2-3 - 
Basilar membrane in ear (T), 3-123 
Beam angles for piston, ring, and line 
sources (f), 3-111, 3-112 
Beam formation, reflectors, lenses, and 
horns, 673 
Beats, definition of, 3-3 
Beer’s law, 6-3 — 
Benzene, first: Tewisead ionization coeffi- 
cient in (f), 5-169 
variation: of dielectric constant with tem- 
perature for (f), 5-131 
Solanie related to’ pressure and idniatee: 
ture (T), 2-158 - 
Bernoulli’s principle, 2-13 
Berthelot equation -as a virial. expansion, 
4119 .° 
Berthelot’s method for Wieasiean & tensile 
strength, 2-170 to 2-171  — . 
Beryllium, energy levels of (f) (T), 8-59 to . 
8-67 
energy loss of protons in (T), 8-35 
proton straggling in (T), aoe 
Beta. decay, 8-3 
Beta-decay chains, 8-212 
Beta radiation; range of, 8-252 
Beta rays, maximum permissible’ ‘exposure 
to (T’s), 8-254, 8-255 
Beta ‘transitions, 8-97 | 7 
Betatrons, description of, 8-175 to 8-176 
world-wide list of (T), 8-194 to 8-195 
Bethe-Bacher. formula, 8-20 
Biaxial minerals, index of refraction of (T), 
6-14 to 6-17 
Binary compounds, saturation rage neta: : 
tion and Curie points of (T), 5-213 
Binary mixtures of. gases, 2-206 . 
Binaural listening, minimum audible pree: 
sure (T), 3-125 / 
Binding energy, of carriers to enbis and ac-’ 
ceptors (T), 5-160, 5-163 
of last neutron and proton (T), 8-6. to 8-17 
of ‘netitrons (T), 8-135 to 8-143 
definition of, 8-130 
of nucleus, 8-19 to 8-20: 
Birefringent filters, 6-48 
Bismuth, transition parameters and phase 
diagram for (f) (T), 4-36. 
Black body, chromaticity coordinates of 
(T), 6-61 
definition of, 6-3 : 
Black-body radiation, functions of (T), - 
6-64, 6-65. 
total (T), 6-66 to 6-67 
Blasius gas flow, 2-224 
Blood-forming organs, maximum permissi- ' 
ble exposure to ionizing radiation . (T),, 
8-255 
Body, maximum einiaathlé Hedintien ex- 
posure for trunk (T), 8-255 
Body organs, maximum permissible expo- 
sure for various radiations es s), $208) 
8-255 
Bohr magneton (T), 7-3 
definition of, 5-206 


Bohr magneton number, of certain solid 
solutions (T), 5-211 
definition of, 5-206: 
of ferrites (T), 5-211, 5-212 
of ferromagnetic elements (T), 5-208 
of paramagnetic materials (T), 5-241 to 
5-243 Smee 
of spinels (T), 5-212 
Boiling-water power reactor, 8-227 | 
Bolometer, characteristies of (T’s),. 6-114, 
6-118 
Bolometrie color index of stellar Specteal 
classes (T), 6-80. 
Bolometric inetd: of stars, 6-80 
Boltzmann constant (T), 7-3 


Boron, energy levels of (f) (T), 8-62 to 8-71 


Boson, 8-243 

Bougie decimale, definition of, 6-9 

Bound hyperons, 8-245 

Boundary conditions and electromagnetic 
field equations, 5-41 to 5-42. 

Boundary layer in gas flow, 2-223 

Bounded regions and em waves, 5-56-to 5-57 

Bragg-Gray principle, 8-250 to 8-251 

Branch point in circuit theory, 8-80 


Breakdown voltage in air (f’s), 5-179, 5-180 


Breeding reactors, 8-227 
Brewster’s law, 6-3 
Brightness, approximate, of various s light 
sources (T), 6-78 
definition of, 6-3 
of various stars (T), 6-82 
Brinell hardness number, definition of, 2-69, 
2-78 
of metals and alloys (T), 2-61, to 2-78 
British reactors, 8-240 —— 
British thermal unit, definition of, 2-15 
Broad-band noise in liquids, 3-68 
Bromides, optical properties of, 6-40 
Bubble cavities (see Transient cavities) _ 
Building materials, BUFOEDUIOn coefficients 
of (T), 3-116 
diffusivities of (T), 4-74 
Bulk modulus, 2-10... 
of earth layers, 2-108 
n-Buty] alcohol, diffusion coefficients of (T), 
2-192 


Cc 


Cables, list of standard radio-frequency (T), 
§-52 to 5-55 
Cadmium cells, 5-107 to 5-109 ae 
Calcite, index of refraction of (T), 6-23. 
Calcium fluoride, absorption coefficients of 
(T), 6-37. 
index of refraction of (T), 6-23, ee to 
6-27 
optical properties of, 6-40 
Calcium I, energy-level diagram of (f), 7-34 
Calcium titanate, Young’s modulus vs tem- 
perature for (f), 3-96 
Calder Hall reactors, 8-240 
Calorie, definition of, 2-15 


Camphors, variation of dielectric constant 


with temperature for (f), 5-131 
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Candle, definition of, 6-9 
Candle-meter, 6-4 
Candle per square centimeter, definition of, 
6-3, 6-10 
Candlepower, definition of, 6-6 
Capacitance, and acoustic analogy, 3-135, 
3-136 
per meter length of various bodies, 6-15 
to §-16 
of various body arrangements, 5-12 to 
5-18 
Capacitance coefficients, 5-17 to 5-18 
Capacitance edge corrections, 5-16 to §-17 
Capacitance formulas, mks units, 5-12 to 
5-18 
Capacitance standards, 5-109 to 5-110: 
Capacitivity, definition of, 5-2 
relative, of semiconductors (T), 5-132 
(See also Dielectric constants) 
Capacitor-start motor, 5-249 
torque-speed curves for (f), 5-249 
Capacitors, 5-109 to 5-110 
acoustic analogue of, 3-141 to 3-142 
Capillary-height method, surface tension 
by, 2-175 
Carbon, energy levels of (f) (T), 8-64 to 
8-75 
total neutron cross section of (f), 8-132 
Carbon I, energy-level diagram of (f), 7-28 
Carbon bisulfide, volume related to pressure 
and temperature (T), 2-159 
Carbon dioxide, compressibility factor for 
(T), 4-92 © 
enthalpy of (T), 4-93 
entropy of (T), 4-93 
first Townsend ionization coefficient for 
" (f), 5-168 | 
relative density of (T), 4-92 
specific heat of (T), 4-93 
thermodynamic conversion factor for (T), 
4-81 
Carbon monoxide, virial coefficients for 
(T), 4-127 
Carbon tetrachloride, volume related to 
pressure and temperature (T), 2-160 
Carcel unit, 6-9, 6-10 
Carcinotron, 5-77 
Cascade hyperon, 8-245 
Cathode, definition of, 5-3 
in electrochemistry, 5-269 
Cathode current density in glow discharge 
(T), 5-185 | | 
Cathode fall, normal, for various metals 
(T), 5-184 Sg 


Cathode fall thickness for various metals. — 


(T), 5-184 
Cathode-ray-tube screens, characteristics 
of (T), 6-113 
Cation transference numbers of electro- 
lytes (T), 5-270 
Cavitation, critical pressure for (f), 2-184 
- definition of, 3-68 
in flowing liquids, 2-182 to 2-189 
in fresh water (f), 2-184 . 
inception of, 2-183 
in liquids, 3-68 


Cavitation, symbols for, 2-183 
Cavitation number, 2-182 
for incipient cavitation (f), 2-186 
Celestial triangulation, 2-96 
Celsius temperature, conversion equations 
for (T), 4-2. | 
Cent, definition of, 3-14, 3-107 
Center of mass, definition of, 2-6 
motion of, 2-7 
for various bodies (T), 2-36 to 2-37 
Centimeters of Hg at 0°C, definition of, 
2-15 
Centrifugal force, definition of, 2-5 
Ceramics, dielectric frequency and volume 
resistivity of (T),; 5-120 to 5-121 © 
dielectric properties of (T),.5-120 to 
§-121 
properties of (T), 3-95 
Cerium magnesium nitrate, properties of 
(T), 4-14 
temperature data for (T), 4-15 
Cesium bromide, index of refraction of (T), 
6-27 to 6-29 
Cesium iodide, index of refraction of (T), 
6-27 to 6-29 
Cgs units and electrical formulas (T’s), 
5-8, 5-9 
Chain relationships of nuclides (T), 8-202 — 
to 8-211 
Chamber, reverberation, 3-17 : 
Chapman-Jouguet condition and shock | 
- waves, 2-233 
Chapman’s formula for gas viscosities, 2-206 
Characteristic curves, for d-c motors (f), 
5-246 coor 
for induction motors (f’s), 5-247 
Characteristic impedance, definition of, 
3-62 to 3-63 
for various gases (T), 3-63 
Characteristic X-ray spectra, 7-123 to 7-135 
Charge transfer of ions in a gas, 7-204 
Charge-transfer cross sections of various 
substances (f’s), 7-189 to 7-191 


‘Charged hyperons, 8-244 


Charged-particle fission yields (T), 8-219 
to 8-221 

Charged-particle induced fission, 8-212 

Chemical rate theory, 2-88 

Chemical symbols of stable nuclei (T), 
8-6 to 8-17 

Chemicals, fluorescent, characteristics of, 
(T), 6-111 

Chemiluminescence, definition of, 6-3 

Chi mesons, 8-243 

Chlorides, optical properties of, 6-40 

Chlorine (in argon), efficiency of electron 
attachment in (f), 5-173 

Chlorine I, energy-level diagram of (f), 
7-32 

Chlorinity of sea water, 2-116 

Chloro-fluoro liquids, density of (T), 2-149 

Chloroform, volume related to pressure and 
temperature (T), 2-160 

Christiansen effect, definition of, 6-3 

Chromatic aberration, definition of, 6-3 

Chromaticity, 6-60 | 
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Chromaticity coordinates, of black bodies 


(T), 6-61 
of spectrum (T), 6-54 to 6-55. 
Chromel, emf in thermocouples (T), 4-12 


Chromium methylammonium alum, Prop: | 


erties of (T), 4-14, 4-16 
temperature data for (T), 4-17 © 
Chromium potassium alum, properties of 
(T), 4-14 to 4-16 | 
temperature data for (T), 4-15, 4-16 
Circuit configurations, magnetic field about, 
§-25 to 5-27 
Circuit theory, 5-79 to 5-85 
basis of, 5-79 to 5-80 
and networks, 5-80 to 5-81 
Circuits, self- and mutual inductance of, 
5-28 
Circular birefringence, 6-91 
Circular coil, self-inductance of, 5-31 
Circular cylindrical resonators, 5-66, 5-67 
modes in (f’s), 5-66, 5-67. 
Circular cylindrical waveguides, 5-62. to 
5-64 
coordinate system for - ‘(f), 5-62 
wave types for (T), 5-63 
Circular dichroism, 6-92 
Circular jet, laminar flow i in, 2-195 to 2-196 
streamlines from. point orifice (f), 2-196 
symbols for, 2-195 
Circular loop, magnetic induction of,. 
5-26 to. 5-27 ; 
mutual inductance of, 5-29 to 5-31 | 
Circular mil, definition of, 2-14 
Clairaut’s formula, 2-98 
Clarke ellipsoid, 2-96 _ 
Classical absorption of sound, 3-49 
Classical symbols for heavy radionuclides 
(T), 8-41 
Clausius-Duhem inequality, 3-29 
Clausius equation as a virial expansion, 
4-119 
Climatology, 2-134 to 2-135 
Closed-stub impedance matching, 5-51 
Clouds, average water content of (T), 2-134 
at different levels (f), 2-130 
drop-size spectra of (f), 2-134 
electric field intensity inside of (T), 5-286 
Coaxial transmission lines, constants for 
(T), 5-48 to 5-49 
Cobalt alloys, density of (T), 2-25. 
saturation magnetization and Curie 
points of (T), 5-210 
Cobalt ammonium sulfate, properties of 
(T), 4-14, 4-20 
Cochlea, dimensions of (T), 3-123 
Cockroft-Walton accelerators, 8-172 
Coefficient, of absorption, for: building 
materials, seats, and audience (T’s), 
3-116 
definition of, 6-2, 6-36 
_ of light, definition of, 6-36 
for various substances (T), 6-37 
of ambipolar diffusion, for gases (T), 
7-218 a 
of capacitance and elastance, 5-17 to 5-18 
for color-difference evaluation (T), 6-62 


Coefficient, of cubical expapsion of liquids 
(T), 462 
of cubical thermal expansion of elements 
(T), 4-56 _ 
of differential diffusion, of various  sub- 
stances (T’s), 5-272 
of diffusion, definition of, 2-80 | 
for gases (T), 2-212 to 2-213 
for ions in gases, 7-205 . 
for metals (T), 2-79 to 2-80 | 
for solutions (T’s), 2-190 to 2-195 
of drag, in flowing liquid, 2-183. 
in gas flow, 2-226 
_ for various bodies (T), 2-188 
eddy diffusion, 2-135 
elastic, of crystals (T), 2-55 to: 2-58 
of electron attachment for various sub- 
stances (f’s), 7-182 to 7-186 
electro opis. for various crystals 1), 
. 6-97 
Ettingshausen, 5-99 
of extinction (optical), definition of, 6-102 
in infrared (T), 6-38 
first Townsend ionization, for various 
substances (f’s), 5-167 to 5-169 
of friction (T), 2-39 to 2-44 
Hall, 5-98 
of heat radiation, 3-31 . 
of internal friction of earth, 2-113 
of linear absorption for gamma radia- 
tion (f), 8-93 
of linear thermal expansion of lleva (T), 
4-57 to. 4-60 
of elements (T’s), 4-51 to 4-55 
of miscellaneous materials (T), 4-61. 
of semiconductors (T), 4-63 
mean-ionic-activity, of electrolytes (1), . 
5-278, 5-279 
Nernst, 5-99 
noise-reduction, 3-114 
. Peltier, 5-98. 
of pressure, in liquids, 2-151 
of radiation, .3-50 
radiative recombination (T), 5-171 | 
recombination, in air (f’s), 5-177, 5-178 
reflection, for incandescent light (T), 
6-43 - 
for visible monochromatic radiation 
(T), 6-42 
of retarded elastic motion of earth, 2-1 13 
Righi-Leduc, 5-99 
of rigidity of earth, 2-113 . 
of rolling friction, definition of, 2-43 
secondary emission, 7-192 
self-diffusion, in gases (T), 2-213 
skin-friction, 2-224 
in liquids, definition of, 3-67 
of sound absorption © (T), 3-17, 3-67, 
8-113 to 3-116 
in water (f), 3-71 
of sound transmission, 3-120 
of static friction, definition of, 2-40 
for various substances (T), 2-40 to 2-41 
temperature, of inorganic liquids (T), 
5-133 
of organic liquids (T), 5-134 to 5-142 
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Coefficient, temperature, of piezoelectric 
strain constants (T), 5-153 
‘of standard liquids (T), 5-132: 
of temperature exchange, 8-60. 
of: thixotropy, 2-83" 
virial (T’s), 4-118 to 4-120 
Thompson, 5-97 to 5-98 
Townsend, 5-166, 7-192 
of viscosity, definition of, 8-28, B41 
of earth, 2-113 ~* 
for gases (T), 8-58, 3-60 
of volume expansion, definition of, 4-63 
Coercive force, definition of, 5-3 
of high-permeability materials (T), 5-216 
of materials for permanent magnets (T), 
6-219 
Coil, magnetic force on, 5-32 to §-33 
self- and mutual inductance of, 5-30 
Collision cross sections, 7-174 
Collision losses for heavy charged particles, 
8-23 
Collision probabilities of electrons and ions 
in gases, 7-174 to’7-191 °° . 
Collision probability curves: fee various | 
substances (f’s), 7-175 to 7-191 
Colloidal systems, and gels, 2-81 
and thixotropic substances, 2-81; 2-82 
Color difference, evaluation coefficients se 
for: (T), 6-62 | 
Color indices of stellar’ spectral classes (T), 
6-80 
Color-mixture data, standard, 6-53, 6-61 
Color specification, standard coordinate 
system (T), 6-60 
Colored glass, transmission characteristics 
of, 6-43 to 6-44 
Colorimetry, 6-50 to 6-63 
Coma, definition of, 6-3 oe eas 
Combination starters for electric motors, 


5-256 
Commercial dielectrics, dielectric constants 
of (T), 5-147" 


Common waveguides, 5-59 +o 8-62 . 
Compensation network theorem, §-81 
Complementary wavelength in colorimetry, 
6-60 
Complex alpha spectra, 8-40, 846 +0 8-54 
Complex impedances, 3-8 — 
Complex tone, definition of, 3-14 
Compliance, acoustic,‘3-8 — 
and acoustic analogy, 3-135 to 186° 
of crystals (T), 8-81, 3-82 ~ 
mechanical, 3-9 
Composite state enplad: 3-32 
Compound nucleus, definition of, 8-2 
Compound-wound motors, 5-247 
Compounds, critical temperatures, pres- 
“gures, and densities of (T), 4-22 to 4-23 
crystallographic data for (T), 2-53 to 
2-54 
heats of fusion of (T), 4-131 to 4-159 © 
heats of sublimation of (T), 4-131 to 
ON A159 © 


heats of transition of (T), 4-131 to 4-159 


pets of vaporization of (D), 4-131 to 
4-159 


Compounds, melting parameters of cr’ 8), 
4-30 to 4-33 
phase transition data for (T); 4-130 to 
"#159 | 
Compressibility, of liquids, 2-151, 2-162 to 
2-164 
and skin friction, 2-230 
Compressibility data for: miscellaneous sub- 
stances, 2-162 to 2-163 
Compressibility factor, for air (T), 4-82 
‘for argon (T), 4-87 
for carbon dioxide (T), 4-92 
for hydrogen (T), 4-95 
for nitrogen (T), 4-103 
for oxygen (T), ‘4-108 
for steam (T), 4-113 © 
Compressible flow in gases, 2-214 to 2-219 
Compressional waves, definition of, 3-3 
in fluids, 2-14 
in sound, 3-46, 3-47 
Compton effect, 8-88 to 8-89 
Compton scattering; 8-89" 
cross section per electron vs gamma 
energy ‘(f), 8-89 
Compton wavelength, of electron, 8-4 
of neutron, 8-4, 8-129 . 
of proton, 8-4 . 
Computation, mathematical aids to, 1-1 to 
1-5 
Computing devices, 1-1 
Concentration of radioisotopes in air r and 
water, 8-253 
Condenser, acoustic analogue of, 3-141 to 
3-142 
Conductances, equivalent, of electrolytes 7. 
(T), 5-270 
of ions in various solutions (T’s), 5-271 
limiting equivalent (T” s), 5-271 | 
Conduction, of copper wire (T), 5-198 to 
‘§-200 
of electricity in gases, 5-166 to 8-184 
Conductivity, of atmosphere at various 
. locations (T), 5-285, 5-286 
effect of frequency on, for copper, 6-197, 
5-200 
effect of pressure on (0, 5-190, 5-195 
' formulas for, 5-95 to 5-97 
ionic, in salts, 5-185 to 5-196 
of ionic conductors, 5-186 to 5-188 
of mixed i ionic and electronic conduction 
(T), 5-192 to 5-194 » aa 
per cent, definition of, 5-197 
representative values of (), 5-162 
of sea water, 2-120 — | 
thermal (see Thermal conductivity) 
Conductivity : ‘parameters, 5-39 — e 
Conductors, definition of, 5-3 
asc resistance/d-c resistance for solid 
round wire (T), 5-201 
and anomalous skin effect, 5-200 
current-carrying capacities of insulated 
(T’s), 5-202 to 5-203, 5-257 
fluid types of, 3-47 
ionic (see Ionic conductors) 
“properties of, metallic, 5-197 to 5-205 © 
~~ nonmetallic; 5-166 to 5-197 
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Conductors, resistance of rectangular: Hy 
5-92 


skin-effect data for (T), 5-85, 5-90 to 6-95 
. transport numbers for i lonic (T), 6-191 to 


§-194 
Configurational anteope 2-81 


Conical resonators, frequency of. Oe 8-103 


Conical tube, 3-103 
Conjugate foci, definition of, 6-3 . 
Conservation, of energy, eeeuton 2-5 io 
2-8 
in viscous fluids, 3-29: 
of mass in viscous fluids, 8-27. 
of momentum, 2-5, 2-7. 
Conservative force, definition of, 2-6 | 
Constantan, emf of thermocouples using’ 
(T's), 4-11 to 4-12 


‘Constitutive parameters and field vectors, 


5-38 to 5-39 
Constitutive relations in viscous fluids, 3-27 
Contact discontinuity and ‘shock waves, ' 
2-232 
Contact-potential effect, definition of, 5-5 
Continental platform, 2-115. 


Continuity edustions,, for acoustic enetgy, 


3-44. 
for electrical currents aaa ehaeeee 5-36 to 
5-38 = 
in fluids, 2-13 
in gas flow; 2+215, 2-221.. 


for viscous fluids; 3-27 to. 3-28 = 


Continuous spectrum, definition of, 3-3 - 
Control of various nuclear reactors (T), 
8-228 to 8-239 
Convergence of ocean waves, 2-123 
Conversion equations, relating radiation 
dose. to flux, 8-251. 
for temperature scales (T), 4-2 
Conversion factors, for absolute viscosity 
(T), 2-202 
acoustical (T), 3-24. 
area (T), 2-16 oa 
of atomic units (T), 7-4 
for international vs. absolute electrical. / 
units (T), 5-106 
for kinematic viscosity. (1), 2-203 
length (T), 2-15 
mass-energy, 8-4  __. 
quantum energy, 8-4 
for thermal conductivity (T),, 4-66 
for thermodynamic properties of. gases 
(T), 4-81 a 
volume (T), 2-16 
for X- or gamma-ray absorption i in air 
(T), 8-253 
Conversion formulas for neutrons, 8-129 
Conversion probability curves for ions in 


various substancés (f's), "7-201 to 7-202 
Conversion tables for optical density vs per . 


cent transmission (T), 6-39 
Converters, a-c to d-c, 5-260 . 


Coolants for nuclear reactors, 8-228 to 8-239 


Coordinate: systems, 2-2 
Coordinate transforms, 3-36 


Copper, emf of copper vs. constantan ther- 


mocouples (T), 4-11 


Copper, energy loss and range of protons in 
(T), 8-24 to 8-25,835  - - 
frequency vs. conductivity for, 5- 197; 
5-200 
resistance vs. eeaperatars for, §-197 
skin depth and h-f-resistance for (f), 5-200 
Copper I, energy-level diagram of (f),; 7-38 
Copper alloys, densities: of (T), 2-26 to 2-28 
elastic and strength constants of ce s), 
 ” 2-66 to 2-68, 3-81 
Copper crystals, attenuation beaks and dec- 
rement for (f), 3-88 © . 
Copper oxide rectifier, 6-266 a. 
Copper potassium sulfate, properties of (T), 
4-14, 4-17 to 4-18 
Copper sulfate, properties of (Ty, 4-14, 4-20 
Copper wire tables, solid wire (T), 5-198 to 
5-199 : 


- Coriolis forces, definition of, 2-5. 


Coriolis parameter (T), 2-130, 2-131 
Cosmic abundance, definition of, 8-5 
of stable nuclei (T), 8-6 to! ‘B17 
Cosmotrén, 8-177 © 
Coulomb, definition of, 8-2: - 
international vs. absolute (T), 6-106 
Coulomb forces in stable nuclei, ‘8-5: 
Coulomb seat tonng of charged particles, 
8-36. 
Coulomb’ s law, 5-3 = 
Couplers and acoustic analogy,: 3-17 7 
Coupling i in atemi¢ spectra, 7-17 to 7-18. 
Creep, 2-86 to 2-90 - 
rates for various materials (T), 2-89 to 
2-90 
in solids. (f), 2-84 
typical curve of (f), 2-87. 
Critical absorption evdleucthat in a Korey: 
spectra (T), 7-130 to 7-132 © 
Critical cavitation number (f), 2-185 
Critical constants i in heat, 4-21 to 4-23: 
Critical densities of elements and com- — 
pounds, 4-21 to 4-23 
Critical energy, of electrons; definition of, 
8-38 : 2 
of various sitbetdivees (T), 8-39 
Critical eauency: band in hearing (T),. 
3-127 —- ve 
Critical pressuté, for cavitation i in sea water 
(f), 2-184: 
of elemients ana Senpoinae 42i £6 4-23) 
(of i inorganic and Oreanic: substances ®, 
- 4-21 to 4-23 - 
Critical temperature, of slavienes and com- 
pounds (T), 4-21 to 4-23 Ee 
of inorganic and: organic substances (T), 
4-21 to 4-23" — 
Crochet, definition of, 5-294 os 
Cross section, for neutrons, 8-130, 8-143 - 
8-144, 8-169: | 
nuclear, definition of, 8-3 
Cryogenic liquids, density of (T), 2-146 
Crystal size of various cathode-ray-tube- 
phosphors (T), 6-113. 
Crystal systems, . lattice constants for ) 
(T), 2-45 me 
Crystalline media” Hooke’ r) law: for, 2-11 
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Crystalline quartz, index of refraction of 
(T), 6-23 to 6-25 
Crystalline solids, dielectric constants of . 
(T’s), 5-115 to 5-118 
Crystallization of metals, 3-75 
Crystallographic data, 2-44 to 2-54 
for compounds, 2-53 to 2-54 
for elements (T), 2-48 to 2-52 
Crystals, anisotropy constant of (T), 5-222 
antiferroelectric, properties of (T), 5-156 
coefficients of linear thermal expansion of 
(T), 4-54 to 4-55 


copper, attenuation peaks and decrement 


of (f),. 3-88 
cubic (see Cubic crystals) 
densities of (T), 3-77 to 3-78 
elastic constants and coefficients of (T’s), 
2-56 to 2-58, 3-81, 3-82 
electro-optie coefficients for, (T), 6-97 
ferroelectric, cea of ee ‘5-156 to 
§-156. 
hexagonal (T), 9-57. 
piezoelectric, s ropertiés of (T), 3-93 
rhombic (T), 2-58 
saturation magnetostriction of, 5-222, 
§-223 ig 4 
tetragonal (T), 2-57 


thermal conductivity of (T), 4-72 to 4-73, 


4-79 
trigonal (T), 2-57. 
Verdet constants for (T), 6-95» 
Cubic crystal systems (T), 2-45, 2-47 
Cubic crystals, elastic constants ene eoeffi- 
cients of (T), 2-56 
magnetic crystal anisotropy constants of 
(T), 5-221 
magnetostriction Epbetants of (D, §-223 
saturation. magnetostriction of, §-222, 
§-223 
thermal . conductivity of (T), 4-72 to 4-73 
Cubical expansion, coefficients of, for ele-. 
ments (T), 4-56 
for liquids (T), 4-62, 4-63 ae 
Cumulonimbus clouds (f), 2-130, 2-134 
Cumulus clouds (f), 2-130, 2-134 
Curie, definition of, 8-250 | 
Curie constants of paramagnetic materials 
(T’s), 4-14, 5-241 to 5-243 
Curie law and paramagnetism, 5-100 
Curie point, definition of, 5-3, 5-206 
effect of pressure on (T), 5-220 
and saturation magnetization (T), 5-208 
Curie points, of binary compounds (T), 
§-213 
of cobalt alloys (T), 5-210 
of ferrites (T), 5-211, 5-212 
of ferroelectric erystals (T), 5-155 to 5-156 
of ferromagnetic. elements (T), 5-208 


of high-permeability materials (T), 5-216. 


of iron alloys (T), 5-209 
of iron-cobalt-nickel alloys (f), 5-207. 
of nickel alloys (T), 5-210 | 
of spinels (T), 5-212 
Curie temperature, definition a 5-101 
Curie-Weiss law, 5-101, 5-236 
Curium 242, decay scheme of (f), 8-47 


Current carriers, mobility of, 5-157, 5-159 to 
5-160 
Current-carrying capacities of adiniea: 
conductors (T’s), 5-202 to 5-203, 5-257 
Current density, cathode, in glow discharge 
(T), 5-185 
Current noise in radiation detector: 6-115 
Current transformers, 5-259 
Cutoff wavelength and frequency, 5-58 
Cyclohexane, first Townsend: ionization 
coefficient in (f), 5-169 
Cyclotron resonance of electrons and holes, 
5-99 to 5-100 
Cyclotrons, description of. types of, 8-17 3 to 
8-175 
world-wide list of (T), 8-189 to: 8-193 
Cylinder, capacitance per: unit a of, 
5-15 
drag data for (f), 2-226, 2-228 
magnetic induction due to, 5-25 
Cylindrical coordinates, base vectors in (f), 
2-3 soeette 
definition of, 2-3 
Cylindrical shell, skin-effeet formulas jon 
— «95 
eee wave functions, 5-45 to’ 5-46 


D 


D-layer in atmosphere (f), 2-130 

D’Alembert’s principle, 2-5. 

Darcy unit, definition of,’ 2-180 

Darcy’s law, 2-179 ihe 

Day, definition of, 2-14 

D-C generator, characteristics of (f), B75y 
connections for (f), 5-258 - 

D-C motors, characteristic curves for (f), 


§-246 
fractional-horsepower, characteristics of 
(T), 5-253 


integral-horsepower, characteristics of 
(T), 5-254 to 5-255 . 
in relation to generators, 5-246 to 5-250 
D-C resistance, ratio of a-c' to, for solid 
round wire (T), §-201 
Dead room, definition of, 3-17 
Deafness, 3-12 
Debye C, values (T), 4-44 


~ Debye equation, 4-44 


Debye temperatures, definition of, 4-44, 
4-46, 4-63 | 
of metals (T), 4-48 
of nonmetals (T), 4-47 
of superconductors (T), 4-49 
Decay, type of, for light nuclei (f’s) (T), 
8-58 to 8-86 — 
for nuclides (T), 8-98 to 8-128 
Decay constant, definition of, 3-6, 3-17 
Decay energy vs. mass number for alpha 
particles (f), 8-46 
Decay-energy cycles for radioactive series 
An through 4n + 8 (f’s), 8-42 to 8-45 
Decay-energy profile, alpha (f), 8-46 | 
Decay-energy systematics of heavy ele- 
ments, 8-40 to 8-56 
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Decay products, mesons and hyperons (T), 
8-241 

Decay schemes, of odd-nucleon alpha emit- 
ters (f), 8-54 

of Th??8 and Cm?4? (f), 8-47 | 

Decibel, definition of, 3-3 

‘“‘Dee”’ in betatron, 8-173 

Deep-water waves, 2-122 

Defliecting instruments, 5-113 

Deflection of vertical in geodesy, 2-94. 

Deformable media, dynamics of, 2-10 to 
2-12 

Deformation: rate of, in viscous fluids, 3-27 

Degeneracy and electronic structure, 7-18 

Degenerate case in wave mechanics, 7-166 

Degenerate modes of spherical resonators, © 
5-66 to 5-67 | . 

Degree, definition of, 2-14 . 

Deionization, 5-166, 5-171 

Demagnetization curves, of Alnico 5 @, 
5-218 

of permanent-magnet siete (f), §-218 — 


Demagnetizing factors, definition of, 5-240. 


for rods and ellipsoids (T), 5-244 
Density, of air (T), 3-57 
of alloys (T), 2-22 to 2-30 
of aluminum alloys (T), 2-24 
in amagat units, 4-118 
of cobalt alloys, 2-25 
of copper alloys (T), 2-26 to 2-28 
critical, of elements and compounds (T), 
4-21 to 4-23 
of inorganic and organic substances — 
(T), 4-21 to 4-23 | 
of crystals (T), 3-77 to 3-78 
definition of, 2-4 : 
of earth, 2-101 
of elementary gases (T), 2-198 | 
of elements in solid form (T), 2-17 to 2- 20 
of gases (T), 2-197 to 2-201, 3-56, 3-57 
of glasses (T), 3-77 to 3-78 
-of high-permeability materials (T), 5-216 
of inorganic gases (T), 2-199: 
of ions in lower atmosphere (T), 5-284 
of lead alloys (T), 2-29 
of liquids, 2-136 
various (T), 6-18 . 
of magnesium alloys (T), 2-29 
measurement in liquids, 2-136 
of metals (T), 3-77 to 3-78 
of nickel alloys (T), 2-30 
of organic gases (T), 2-200 
of paramagnetic salts (T), 4-14 
of plasties (T), 2-34 to 2-35, 3-77 to 3-78 
of resins (T), 2-34 to 2-35 
of rubber (T), 2-35 = 
of solids at 20°C (T), 2-21 
and sound transmission in solids, 3-74 to 
3-79 
of steam (T), 4-114 
of steels (T), 2-22 to 2-23 
of water, fresh and sea (T), 3-69 
sea, 2-117 
of woods (T), 2-31 to 2-33 a 
X-ray, of crystals (T), 3-77 to 3-78 | 
of zinc alloys:(T), 2-30 


Density defects for pure ionic penguin 
(T), 5-189 
Density measurement of gases, 2-197 to 
2-198 . 
Density tables, for cMoroucts hquids (), 
2-149 
for cryogenic liquids (T), 2-146 
for deuterium (T), 2-139 
for ethyl alcohol (T), 2-142 | 
for fluorocarbon liquids (T), 2-149 | 
for inorganic liquids (T), 2-143 
for liquids of normally gaseous substance: 
(T), 2-144 . 2 
for mercury (T), 2-140 
for methyl] alcohol (T), 2-140 to a-141. 
for organic liquids (T), 2-147 > 
for water (T), 2-138 to 2-139 
Derived units, definition of, 2-15 
Detectability, threshold of, 3-14 


‘Detonation and shock waves, 2-233 ~ 


Deuterium, atomic mass of, 8-4 
density of (T), 2-139 
fractional distillation of, 2-137 
virial coefficients for (T), 4-125 
volume related to pressure and tempera- 
ture (T), 2-154 
Deuteron, mass of (T), 7-3 
range-energy relation in Ilford C-2 emul- 
sion (f), 8-32 
range straggling in copper (f’ 8), 8-37 
symbols for, 8-3 
Diamagnetic body, definition of, 5-3 
Diamagnetic liquids, Faraday rotation in. 
(T), 5-232 
Diamagnetic solids, Faraday rotation i in 
(T), 5-232 
Diamagnetism, definition of, 5-100 
Diatomic gases and shock waves (T), 2-235 
Diatomic molecules, constants of (T), 7-136 
to 7-141 | 
energy-level and. potential curves of (f 8), 
7-142 to 7-145 
and Zeeman effect, 7-169 


Dielectric bodies, definition of, 6-3 a 


in electrostatic fields, 5-22 to 5-23. - 
Dielectric boundary formulas, 5-21 to 5-22 
Dielectric capacitivity of piezoelectric crys- 
tals (F), 3-93 
Dielectric constants, of antiferroelectric. 
crystals (T), 5-156 
of commercial dielectrics (T), 5-147. 
definition of, 5-2 
of ferroelectric crystals (T), 5-155 to. 
5-156 
of inorganic liquids (T), 5-133 
' of inorganic solids (T), 5-115. to 5-117. 
of liquids (T’s), 5-132 to 5-147 “% 
of organic liquids (T), 5-134 to 5-142 
of organic solids (T), 5-118 
of reference gases (T), 5-147 
of standard liquids (T), 5-132 
of transducer materials (f), 3-97 . 
variation with temperature (f), 5-131 
Dielectric crystals, thermal conductivity of 
(T), 4-79 
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Dielectric properties, of aorphous solids, © 
5-120 to 5-132 
of-ceramics (T), 5-120 to 5-121 . 
of gases (T’s), 5-147 to 5-149 
of glasses (T), 5-122 to 5-123. 
of plastics (T), 5-124 to 5-130 
of rubbers ' (TF), 5-124 to 5-130 
Dielectric strength, relative, of gases. (T), 
5-148 to 5-149 | 
of nitrogen vapor (T), 5-148 to 5-149 
Dielectrics, commercial, dielectric constants 
. of (T), 5-147 
properties of, 5-114 to 5-156 
thermal conductivity of (T), 4-79 
Dieterici equation as a virial expansion, 
4-119 


‘Difference limen;. definition of, 3-12 | 


Differential crosg section, 6-71... 
Differential diffusion coefficients of various 
solutions (T), 5-272. 
Differential equations for elosivical: me- 
chanical, and acoustical systems, 3-137 
to 3-138. 
Differential forms of Maxwell’s equations, 
6-40 | 
Differential formulations i in electrical field” 
equations, §-37 to 5-38 
Differential scattering cross section of neu- 
trons, definition of, 8-130 
Differential threshold for intensity in hear- 
ing (T), 3-126. 
Diffraction, definition of, 6-3 
Diffraction grating, definition of, 6-3 
Diffuse sound field, 3-120 
Diffusing surfaces, reflection coefficients for 
incandescent light on (T), 6-43 
Diffusion, in gases, 2-11 to 2-214 
in liquids, 2-189 to 2-195 
Diffusion coefficients, ambipolar, for several 
gases (T), 7-218 — 
of aqueous solutions, variation with tem- 
perature (T), 2-194 © 
of concentrated electrolytes (T), 2-191 
definition of, 2-80, 2-211 
of dilute ‘electrolytes (T), 2-190 © 
of ions in gases, 7-205 — 
- for liquids, definition Of, 2-189 
of metals (T), 2-79 to 2-80 | 
of nonaqueous solutions (T), 2-195 
of - nonelectrolytes (T), 2-192 
of organic compounds (T), 2-193 
variation, with concentration (TP), 2-213 
with pressure (f), 2-213 
of ‘various’ gases (T), 2-212 
Diffusion constants for electrons and holes, 
5-160 
Diffusion diderers for atinoaphere (f), 2-135 
Diffusion equation in fluid motion, 3-40 
Diffusivity, of miscellaneous materials 
(T), 4-74 — 
of sea water (T), 2- 122 
Dilatation rate in viscous fluids, 3-27 
Dilatational deformation, 2-10 — 
Dilatemeter, 2-136 
Dimensional analysis in sound absorption, 
3-45 to 3-46 


Dimensions of electrical. uaniines @, 5-6 
to §-7 
DIMPLE reactor, 8-240. 
Dip of earth’s magnetic field, 5-291 
Dipole, force, mutual energy, and bonaue, 
5-21 Sn 
potential of, 6-21 
Dipole radiators, elses and mA EN ONG; 5-69 
to 5-70 cs 
Dipole rotation, 6-1 14, 
Direct sound, definition of, 3-17 : 
Directional radiation, from circular piston, 
"3-111 
from thin circular ring, 3-111 to 3-1 12. 
Directivity of a radiator, 5-69 : 
Directivity factor, definition of, 3-10. 
Directivity index, definition of, 3-11 
of piston or ring (f), 8-112 — 
of transducer, 3-110, 3-112 
Discharge characteristics, normal | cathode 
fall (T), 5-184 
Diserete radio sources, 6-122 to 6-123 


‘Dispersion, definition of, 6-4 


index of refraction vs., for opus! a ©, 
6-33 
Dispersive power, definition of, 6-4, 
Dissociation constants, of electrolytes (7), 
§-280 
of water (T), 5-280 
Dissociation energy of diatomic molecules 
(T), 7-186 to 7-141 
Dissociative recombination (T), 5-171 
Dispersion of sound, 3-43 to 3-53 — 
and heat Badia tion: 3-49 to $-50 
in liquids, 3-68. | : 
Dispersion measure and Sisnotharmal ab- 
sorption, 3-47 to 3-49 | 
Diurnal variation in. ionosphere (f), 2-131 
Divergence of ocean waves, 2-123 |... 
Dominant wavelength in ‘colorimetry, 6-60 
Donors and binding enorme (T), 5-160, . 
5-163 
Doppler effect, definition of, 3-3, 6-4 - 
Drag in cavitating flow, 2-187 to 2-188 
Drag coefficients, of flowing liquids, 2-183 
vs. Reynolds number for eylinder and. 
sphere (f), 2-226 . i 
for various bodies (T), 2-188 .. 
Drag data in gas flow, 2-226 to 2-228 
Drift mobilities of germanium and silicon 
(T), 5-159 2 
Drift velocity, definition of, 7-203 
of electrons, 5-96 | 
“in various substances (f’s), 7-205 to 
7-209 
of ions in various substances (f’s), 7-212 
to 7-218  « 
Drop-weight method of. surface tension 
measurement, 2-176 
Dry-adiabatic lapse rate, 2-127 


-Dynamic-field equations, 5-36 to 5-95. 


Dynamic modulus of elasticity, a to 
2-86 
Dynamic similarity in gas flow, 2-215 
Dynamic. viscosity, definition of, 2-201 
of sea water (T), 2-122... 
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Dynamics, of deformable meds, 2-10 to 
2-12 : 
fluid, 2-12 to. 214 
noninertial, 2-5» 
of rigid bodies, 2.8 | to 2-10 - 
- and systems of: particles, 2-6 - 
Dyne, definition of, 2-15 


E waves, 5-47 
EM: waves (see Westesiiaedede waveny 
Ear, acoustic HED ecence ees 8-123, 
3-124, 
loudness level, 3-13 oi MS 
minimum - audible. peceeure: on @itesnal 
(T), 3-124 to 3-125° 
__parts.of (T), 3-123 , 
physical dimensions of Ds, 3-123 
and pitch, 3-13. ge  & 
thresholds for, 3-14. a 
Earth, altitude variation of crust (T), 2-115 
characteristics of crust, 21 15 to 2-116 
__ dimensions of, 2-100 . . 
elastic constants i in, 2-108. 
electric. and magnetic properties of, 5-283 
~ to §-297 
electrical characteristics of, 5-289 to 6-291 
location of. magnetic poles of (T), 5-292 
longitudinal waves in. (T), 2-103 
magnetic moment of, 5-292. 
- magnetism of, 5-291 to 5-295 
methods of measuring size and shene:0 of, 
2-96 to 2-97 
_ miscellaneous constants for (T), 2-91 
nonelastic properties. of interior of . (T), 
2-113 to 2-114. 


- physical and orbital data for (T's), 2-90, 


2-91 
pressures in, 2-108 
resistivity of, 5-290 to 5-291 
seismicity of, 2-110 to 2-1 12 
wave velocities i in, 2-108 
Earth currents (electrical), 5-289 to 5-290 
Earth ellipsoid, dimensions of (T), 2-94 
Earth materials, resistivities of (f), 5-290 
Earthquake waves, energy reflection data 
for (T),. ‘2-105, 2-106 
energy refraction, data for (T), 2-105, 
2106 © 
periods and amplitudes, 2-102 to 2-103 
reflection and refraction of, 2-104 to 2-106 
travel times of (T),.2-103 to 2-104 
_. equations for, 2-107 to 2-108 
types of, and symbols for, 2-106 to 2-107 
velocity, equations, 2-107 to 2-108 
Earthquakes, aftershock of, 2-113 
average energy release of (T), 2-112 
comparison of shallow, intermediate, and 
~ deep (T), 2-111 ° 
epicentral distances for (T), 2-107 — 
focal depths of (T), 2-107 
intensity of, 2-108 
at epicenter: (T), 2-111 
magnitude of, 2-108 7 


vs. depth for greatest shock (T), | ret 12 


Earth's magnetic field, characteristics of, 
—§-291: to 5-293 
origin of; 6-293 © 
transient phenomena in, ‘5-293 to 5-204 

Eccentricity of planetary orbits: (), 2-90 

Echo, definition of, 3-3 «| 

Eddy current, definition of; 5-3 

Eddy-current constant for: rhagnetic ‘losses 

at low induetion (T),-6-220.: 0 °° 

Eddy-current heating of sphere, 5-95 ¢ 

Eddy diffusion in atmosphere, 2-135. 

Edison: effect, definition of, 5-4 

Effective acoustic center, definition of, 3-11 

Effective bandwidth, definition ‘of; 3-11 

Effective. decay energy vs. log halflife for 

- various: alpha emitters (f), 8-540 
Effective particle’ velocity, definition of, 3-3 
Effective secondary: emission of electrons by 

various substances (f’s), 7-199 to 7-200 

Effective sound pressure, definition of, 3-3 

Effective volume'velocity, definition of, bas 

Kinstein-de Hass effect, 5-103” 

Hinstein ‘viscosity equation, 2-181. - 

Elastance coefficients; 5-17 to 56-18 °° 

Elastie aftereffect, 2-84 to2-86° = |: 

Elastic é0efficients of erystals: (T), 2-55 i 

2-58 
Elastic collisions, by ‘electrons in various — 
substances (fs); 7-175 to 7-176 © 
by i ions of various substances 5), 7-186 
to 7-188: 

Elastic ponstante: of copper allaya (T), 3-81 
of crystals (T), 2-55 to apie 3-74 ; 
of cubic crystals (T), 3-81 oom 
in earth, 2-108 a 
furidamental ' ‘equations for, 2-102" 
of glasses (T}, 3-80 © - 
of hexagonal: erystals (FP), 82° 
of metals (T),' 3-80 
of ‘piezoelectric: crystals (T), 8-93 
of plastics, 8-80 = | 
of polycrystalline solids (1), 2°55 to'2-80 
of rocks (T),'2-102 
of solids, 3-74 to 3-79 
of various ‘metals (F), 3-83° 

Elastic hysteresis, 2-84 to 2-86. 

Elastic medium, definition of, 2-10 
Hooke’s law for, 2-11 | 

Elastic modulus, 2-84 to 2-86. 

Elastic scattering, of photons @, 8-91 to 

8-92. 

Elasticity, moduli of, 2-84 to 2-86 
notation and symbols, 2-55 

Electric charge, definition of; 5-2 
on précipitation particles (T), 5-287 

Electric circuit, acoustic: analogy to, 8-140. 

to $-142 . 
definition of, 5-4 _ 
magnetic fields about, 5-25 to 5-27 
magnetic forces on, 5-32 to 5-33 
Electric current, average full load for motors 
(T), 5-256 
definition of, 5-2 
in earth, 5-289 to 5-291 
Electric dipole as radiator, 5-69 
Electric-dipole radiation, 7-21 - 
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Electric-dipole transition, selection and 
polarization rules for (T), 7-168 
Electric field, vs. altitude in Nes atmos- 

_ phere (T), 5-286 
os atmosphere (T), 5-285 : 
inside clouds (T), 5-286. . 
near thunderstorms (f), 5-287 .... 
Electric generators (see Generators): 
Electric impedance, vector, equation for, 
3-138 

Electric intensity, defaition of, 5-2 : 

Electric lines. of force,, definition of, 5-4 

Electric mesher, 3-141 . 

Electric motors, a-e. and. d-c, 5-246 ‘6 5-250 
average full-load current for (f), 5-259 
control:and protection of, 5-254 to 5-257 
fractional-horsepower (T),.5-253 | 
integral horsepower chgractenei of 1), : 

. 6-254 to 5-255 . 
relative cost. of (f’s), 5-251 
selection criteria for, 5-250. to 5-252 
standard ratings of frequency, horse- 

power, speed, and voltage, 5-252 

Electric polarization, 5-3 — 

Electric power level, definition of, 3-3. 

Electric-quadrupole moment of stable.nuclej 

(T), 8-6 to 8-17 

Electric tubes of flux, definition of, 5-4 

Electrical-apparatus standard, 5-245 to 

6-246 

Electrical characteristics of thunderstorms 

(T), 5-288 

Electrical circuit. (see Electric circuit) 

Electrical conduction of rocks, §-290 to 

§-291 

Electrical conductivity (ee Conductivity) 

Electrical formulas, 5-12 to 6-104. 
for capacitance, mks units, 5-12 to 5-18 
for dielectric boundary, 5-21 to 5-22 
dynamic-field equations, §-36,to 5-95 
electrostatic-force, 5-18 to 5-21 | 
multipole, 5-21 - 
for reduction to CES, esu, and emu wou 8), 

§-8 — 
for reduction to ‘ee units (T), 5-10 to 
5-11 
static-current flow, 5-23 to 5-25 
static field, 5-12 to 5-36 
for transition between unit systems. (T), 
 -§-6-to 5-11 : 

Electrical instruments, aoa ecting: §-113 

Electrical power practices, 5-245 to 5-268 

Electrical properties, of earth. and stars, 

5-283 to 5-297 
of metallic conductors, 5-197 to 5-205 
of pure metals (T), 5-204 

Electrical quantities, mks symbols, units, 

definitions, and dimensions (T”’ 5), 

3-139, 5-6 to 5-7 | 

Electrical resistance and acoustic analogy, 

3-134, 3-136 

Electrical resistivity (see Resistivity) 

Electrical schematic diagrams, based on im- 

pedance analogy (T), 3-145 to 3-176 - 

based on mobility ates cas ait to 
3-176 


Electrical: standards, basis for, 5-105 
history of, 5-105 to 5-106 
Electrical symbols (T), ‘3-139 
Electrical system, graphical. representation 
of (f’s), 3-136, 3-137 
of one degree of freedom, 3-137 to 8-138 
Electrical units (T), 3-139 | 
international vs absolute (T), 5-106 
maintenance of, 5-106 
Electricity, atmospheric, 5-283 to 5-289 
terrestrial, 5-289 to 5-291 
Electroacoustical secipeoeny theorem, defi- 
nition of, 3-11. 
Electrochemical data, sources and symbols, 
§-268 to 5-269 
Electrochemistry, 5-268 to 5-283 ° 
Electrodes, definition of, 5-3, 5-4 
Electro-dynamical analogies wath acoustits, 
3-134 to 3-139 
Electrolysis, definition of, 5-4: 
Electrolyte, definition of, 5-4 
‘diffusion coefficients of (T), 2-190, 2-191 
dissociation constants of (T), 5-280 | 
equivalent conductances and cation trans- 
ference numbers (T), 5-270 
mean-ionic-activity coefficients of (T), 
§-278 
Electromagnetic field, definition of, 5-38 
Electromagnetic es and electrical | 
formulas (T), 5 
Electromagnetic Cason in bounded regions, 
5-56 to 5-57 
guided, 5-47 to 5-65 
types, 5-47, 5-57 
Electromechanical coupling of piezoelectric 
crystals (T), 3-93. . 
Electromechanical coupling f actor for trans- 
‘ducers, 3-89 
Electromotance, definition of, 5-2 
Electromotive force, definition of, 5-2 
standards of, 5-107 to 5-109 
for half cells in water (T), 5-274 to 
§-276 
Electron acceleration, in betatrons, 8-175 to 
8-176 
in linear accelerators, 8-178 | 
by magnetic induction, 8-175 to 8-176 
in synchrotrons, 8-176 to 8-177 
Electron attachment, efficiency of, for vari- 
ous gases (f’s), 5-172 to. 5-177 : 
for various. substances | (@s), 7-182 to 
7-186 © . 
Electron conduction, 5-97 
Electron configurations of atoms ), 7-13 
to 7-15 
Electron emission, , secondary, ratio to pri- 
mary for several substances (f’s), 
7-203 
for various substances (fs), 7-192 to 
7-198. 
Electron energy losses in various gases G 8), 
§-181 to 5-183 ah 
Electron spin, definition of, 7-17 
Electron stream, apace erate? waves in, 
6-75 ns 
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Electron synchrotron, description of, 8-176 
to 8-177 
world-wide list of (T), 8-196 to: 8-197 
Electron temperature of discharge vs tube 
radius (f), 5-183 
Electron transitions, selection rules fon: 7-20 
to 7-21, 7-25 
Electron traps and electron conduction, : 
5-160 
Electron yield of various substances (fs), 
7-192 to 7-198 
Electronic conductors, conductivity for (T), 
5-192 to 5-194 
transport numbers for (T), 5-191 to 5-194 
Electronic constants, and Debye bemipere: 
~ ture, 4-46 
for metals (T), 4-48 
for superconductors (T), 4-49 


. Electronic rectifiers, 5-260 


Electronic structure of atoms (T), 7-13 i 
7-15 
Electronic thermal agitation noise in radia- 
tion detectors, 6-115 
Electrons, absorption curve for, in alu- 
minum (f), 8-38 
attachment coefficients for various sub- | 
stances (f’s), 7-182 to 7-186 
Compton wavelength of, 8-4 
cyclotron resonance, 5-99 to 5-100 
- drift velocity of (f’s), 7-205 to 7-209 
effective secondary emission of (f’s), 7-199 
to 7-200 
elastic collisions of (f's), 1-175 to 7-176 
and Hall mobilities (T), 5-161 
inelastic collisions of (f’s), 7-177 to 7-182 
ionization by, 5-166 
magnetic moment of, 8-4 
mean energy of (f’s), 7-210 to 7-211 
mobility of, 5-157, 5-159 to 5-160 
motion of, in gases, 7-174 to 7-219. 
passage of, through matter, 8-38 to 8-40 
range-energy relation of, in aluminum (f), 
8-39 
rest mass of, 8-4 
symbols for, 8-3. 
various constants of (T), 73 
Electro-optic coefficients for various crys- | 
tals (T), 6-97 
Electro-optic effect, definition me 6-94 
Electrophonic effect, definition of, 3-12 
Electrostatic accelerators, description of, 
8-172 to 8-173 
world-wide list of (T), 8-182 to 8-188 | 
Electrostatic fields, and dielectric bodies, 
5-22 to 5-23 
potential in, 5-3 
Electrostatic-force formulas, 5-18 to 6-21 . 
Electrostatic generators, world-wide list of 
(T), 8-182 to 8-188 
Electrostatic units and electrical formulas 
(T), 5-8 
Electrostriction, definition of, §-4 
Electrostrictive transducers, 3-92 to 8-98 
Elementary gases, densities of (T), 2-198 
Elements, alphabetical list of (T), 7-5 to 7-7 
atomic numbers of (T), 7-5 to 7-8 


Elements, atomic susceptibility of (f), 5-236 
coefficients of cubical thermal expansion 
of (T), 4-56 
coefficients of linear thermal expansion | 
of (T’s), 4-51 to 4-55 
critical temperatures, pressures, aud 
densities of (T), 4-21 to 4-23 
crystallographic data for (T), 2-48 to 2-52 
decay-energy systematics of heavy, 8-40 
to 8-56 
density of (T), 2-17 to 2-20 
gamma rays accompanying neutron cap- 
ture in (T), 8-94 to 8-96. 
Hall constants of (T), 5-237 . 
heats of fusion of (T), 4-131 to 4-159 
heats of sublimation of (T), 4-131 to: 
4-159 
heats of transition of (T), 4-131 to 4-159 
heats of vaporization of (T), 4-131 to 
4-159 
isotopes of (T’s), 8-154 to 8-168, 8-170 
to 8-171 
latent heats of (T), 4-131 to 4-159 
melting parameters of (T’s), 4-30 to 4-32 
molar heat capacities of (T’s), 4-40 to 
4-43 
neutron binding energies of (T), 8-135 to 
8-143 
periodic system of (T), 7-8 
persistent spectral lines of (T), 7-39 to 
7-41 
phase transition data for (T), 4-130 to 
4-159 
reaction and scattering cross sections of 
(T’s), 8-154 to 8-168, 8-170 to 8-171 
relative volumes of (T), 4-29 . 
resistivity of, vs temperature for (T), 4-13 
symbols for (T), 7-5 to 7-8 
thermal cross sections of (T’s), 8-154 to 
8-168, 8-170 to 8-171 
thermal emf in relation to plstinwa (T), 
4-6 to 4-7 
various properties of (T), T-9 to 7-12 
Elevation vs atmospheric.pressure, temper- 
ature, and density (T), 3-58 
Ellipsoid, Clarke and Krassovski, 2-96 
demagnetizing factors for (T), 5-244 
international, 2-100 to 2-101 — 
Elongation, of metals and alloys (T), 2-61 
to 2-78 
in tensile testing, definition of, 2-69 
Emission bands of various cathode-ray-tube 
phosphors (T), 6-113 
Emission color of various cathode-ray-tube 
phosphors (T), 6-113 
Emissive power, definition of, 6-4 
Emissivity, definition of, 6-4 
of globar sources (f), 6-81 
of solids, definition of, 6-73 
‘spectral, brightness vs. temperature for 
(T), 6-75 
of oxides (T), 6-74 
of unoxidized surfaces (T), 6-73 
of various substances (T), 6-72 
total, apparent vs. true setuperacure for 
(1), 6-76 
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Emissivity, total, for metals with unoxi-_ 
dized surfaces (T), 6-75 
of various materials (T), 6-68 to 6-71 
Emitted peak and range of fluorescent , 
chemicals (T), 6-111 
End correction for organ pipe, 3-103 
Energetics, acoustical, 3-41 to 3-43 
Energy, conservation of, 2-5 to 2-8 
of earthquake waves (T), 2-105, 2-106 
of earthquakes, 2-112 
gamma and particle, of nuclides Ch): 8-98 
to 8-128 » 
kinetic, definition of, 2-4 
mean, of electrons in several substances 
(f’s), 7-210 to 7-211 - 
wutaal of two dipoles, 5-21 
potential, definition of, 2-6 
Energy balance, in fluids, 3-42 
and nuclear reactions, 8-2 
Energy density, definition of, 3-6 
in fluids, 8-42... . 
Energy equation in gas flow, 9-215, 2-221 
Energy gaps, definition of, 5-157 > 
for various substances (T), 5-158 to 5-159 
Energy-level curves, of C2 (f’s), 7-142 
of CN (f’s), 7-143 
of Oc (f’s), 7-145 
Energy-level diagrams, of atoms (fs), 7-26 
to 7-37 ; 
of X-ray spectra (f), 7-124. 
Energy levels, of CO(f), 7-143 
of light nuclei (f’s) (T), 8-56, BOS: to 8-86 
of Ne (g), 7-144 
of NO (f), 7-144 
of X-ray spectra (T), 7-133 to 7-135 
Energy loss, per ion pair in various gases 
(T),; 8-36, 8-38 | 
of protons, in air (f), 8-26 
in aluminum (f) (T), 8-28, 8-35 
in beryllium (T),:8-35 
in copper (T’s), 8-24 to 8-25, a 
in gold (T), 8-35 
in lead (T), 8-33 to 8-34 
in mica (T), 8-35 — 
in silver (T), 8-30 to 8-34 
Energy product of materials for permanent 
magnets (T), 5-219. 
Energy-product curve of Alnico 5 (f), §-218 
Energy reflection in earthquake waves (T), 


2-105 

Energy refraction in eenibquere waves’ (T), 
2-106 . 

Energy felations for viscous fluids, 3 3-29 io: 
3-31 © 


Energy release of faecal (F), 2-112 
Energy state, lifetime (or width) of, for light 
nuclei (f’s) (T); 8-58 to 8-86 
Energy transmission in earthquake waves 
(T), 2-105 
English sperm candle, definition of, 6-10 
Enthalpy, of air (T), 4-85 
of argon (T), 4-90. 
of carbon dioxide (T), 4-93 
of hydrogen (T), 4-98 — 
of nitrogen (T), 4-106 
of oxygen (T), 4-111 


Enthalpy, of steam (T), 4-116 
Entropy, of air (T), 4-86 
of.argon (T), 4-91 
of carbon. dioxide (T); 4-93. 
of helium at various vem peravanee @), 
. 430 
of hydrogen (T), 4-99 
of nitrogen (T), 4-107 
of oxygen (T), 4-112 
of'a solid: (T), 4-44, 4-46 
and sound absorption, 3-44 
standard, of. monatomic and polyatomic 
ions (T), 5-281, 5-282. 
of.steam (T), 4-117 
Entropy diagram, for helium (f), 4-94 
for hydrogen (f), 4-100 to 4-102 
Epicenter of earthquakes (T), 2-103, 2-107, 
2-111 
Equal-loudness contours, definition of, 3-13 
Equally tempered intervals (T), 3-14 - 
Equally tempered scale, definition of, 3-14 
frequencies of. (T), 3-16, 3-105 — . 
Equations, of motion; for elastic media, 2-12 
for gas flow, 2-214 to 2-223. 
for rigid bodies, 2-8 to 2-9. 
-of state, and gas flow, 2-215, 2-221 
for viscous fluids, 3-29 to 3-31 
Equilibrium, static, definition of, 2-9 
Equilibrium distance for diatomic molecules 
(T), 7-186 to 7-141 _ 
Equivalent circuit, for magnetostrictive ia 
(f), 3-100 
for magnetostrictive transducers, 3-98 . 
for piezoelectric crystal (f), 3-90, 3-92 
Equivalent conductances of electrolytes 
(T), 5-270 
Equivalent electrons, 7-20 
atomic levels for.n (T), 7-21 
Equivalent noise input, of Gpiector, defini- 
tion of, 6-119 
of thermal radiation datectors (T), 6-1 18 


_ Equivalent physical roentgen, ceheitien of, 


8-250 
Erg, definition of, 2-15 
Ethanol, limiting equivalent conductances 
of ions in (T), 5-271 
Ether, volume related to pressure and tem- 
perature (T), 2-161. 
Ethyl aleohol, density of: (T), 9-142 
volume related. to Drepaure and. tempera- 
-ture (T), 2-157 - 
Ettingshausen soeticiaie. 5-99 
Ettingshausen. effect, definition of, 5-4, 6-99 
Euler momentum equation in gas HOW, Naat 
2-214 
Euler’s continuity equation, 3-27 to 3-28 
Euler’s equations, 2-9. 
Euler’s formula and international slipacid: 
2-101 
Evaporated mirror cewtnwes optical con- 
stants of (T), 6-104 
Even multiplicities, g values in L-S coupling 
(T), 7-172 to 7-173 
Even-even alpha emitters, 8-46 
ground-state transitions, 8-55. : 
transitions to excited state, 8-55 to 8-56 
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Even-even nuclei, first excited-state ener- © 
gies of (f), 8-53 a: 

Exact wave equation, 3-35 

Excitation energy of light nuclei (f’s) (T), 
8-56, 8-58 to 8-86 

Excited-state emissions of alpha emitters, 
8-55 to 8-56 

Excited-state energies of even-even nuclei 
(f), 8-53 


Exciting range of fluorescent éhotnicals (), 


6-111 
Experimental piles, 8-227 
Extensional deformation, 2-10 
Extensional waves in solids, 3-75 
External ear canal, minimum audible pres- 
sure for (T), 3-124 to 3-125 | 
Extinction, index of, 6-2 
Extinction coefficient (optical: definition — 
of, 6-102 
in infrared (T), 6-38 | - 
of light, definition of, 6-36. 
Eyes, maximum permissible exposure to 
ionizing radiation for (T), 8-255 


F 


Fabry-Perot filter (f), 6-45, 6-47 ss 
Fahrenheit temperatures, conversion equa-~ 
tions for (T), 4-2 
Far zone of radiation field, 5-68. 
Far-zone field and current distribution, 
Fourier transform relations for, 5-72 
Farad, international vs. absolute (T), 5-106 
Faraday effect, 5-231, 6-4, 6-91 to 6-94 | 
Faraday’s law of induction, 5-3 a 
Faraday rotation, in ferrites (T), §-234 to 
§-235 
as function of field strength (f), 5-233 
at microwave frequencies, 5-64 to. 5-65 
in various materials (T), 5-232 
(See also Magneto-optical rotation) 


_ Fast-neutron cross sections, 8-130, 8-143 


Fast-neutron fission. yields (T), 8-216 to 
8-218 
Feeling, threshold of discomfort, definition 
of, 3-14. . 
Fermat’s principle of. least. time, definition 
of, 6-4 
eee ferrites, properties of (T), . 
§-217 
Ferrimagnetic materials, definition of, 5-4 
Ferrimagnetic resonance, 5-104 
Ferrimagnetism, 5-102 
Ferrite materials, Faraday rotation in (T), 
§-234 to 5-235 
Ferrite-type transducers, materials for, 
3-92 — 
Ferrites, Bohr magneton numbers and Curie 
points of (T), 5-211, 5-212 
magnetostrictive properties of (T), 3-99 
properties of Ferroxcube and Ferramic 
types (T), 5-217 
saturation magnetization and Curie 
points of (T), 5-211, 5-212 
Ferroelectric crystals, properties of (T), 
§-155 to 5-156 > 


Ferroelectric materials, acoustic losses in; 
8-85 to 3-86 
definition of, 5-4 
and transducers, 3-89 
Ferromagnetic elements, Bohr magneton 
numbers, Curie points, and saturation 
magnetization of (T), 5-208 
Ferromagnetic magnetized films, magnetic 
rotatory power of (T), 6-96 
Ferromagnetic materials, acoustic losses in, 
8-85 to 3-86 . : : 
definition of, 5-4 
Ferromagnetic resonance, §-104 
Ferromagnetism, 5-101 
Ferroxcube-type ferrites, properties of (T), 
§-217 
Fick’s diffusion equation, 2-189. 
Field, anechoic. sound, 3-2 
sound, 3-6 
Field equations, differential formulations 
in, §-37 to §-38 
dynamic, 5-36 to 5-44 
integral formulations in, 5-36 to 6-37 
Field intensity, magnetic, of sun (T), 5-295 
Field strength, fractional volume change 
with (T), 5-224 


Field vectors, and constitutive Der einekers) 


5-38 to 5-39 
wave equations for, 5-42 ; 
Filter (light) plates, transmission curves of 
(f), 6-49 
Filter sections, design of low-pass, high-_ . 
pass, and band-pass (T), 5-86 to 5-89 . 
Filters, glass, polarizing and interference, 
6-43 to 6-50 
with 7 sections (T), 5-86 to 5-89 
with T intermediate sections (T), 5-86 to 
§-89 
Finite amplitude waves, 3-37 to 3-39 
First-order acoustic equations, 3-33 
First-order vorticity, 3-40 


_ Fission, definition of, 8-2 


types of, 8-212 
Fission fragments, range of, 8-36 
Fission-product chains (T), 8-202 to 8-211 
Fission yields, chareed:perticls (T), 8+219 
to 8-221 — 
fast-neutron (T), 8-216 to 8-218 
photo- (T), 8-222 to 8-224 — 
spontaneous (T), 8-225 
thermal neutron (T), 8-212 to 8-215 
Fissionable nuclei, resonance parameters of 
(T), 8-153 
Fine-structure constant (T), 7-3 
Five-atom molecules, fundamental vibra- 
- tions of (T), 7-150. 
rotational constants and geometric para- 
meters of, asymmetric-top (T), 7-159 
linear: (T), 7-156 
spherical-top (T), 7-157 to 7-158 
symmetric-top (T), 7-157 to 7-158 
Fixed cavities, 2-183, 2-187 
Fixed temperature points, on international 
temperature scale (T), 4-3 
secondary (T), 4-5. 
Flame standards (T), 6-9 
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Flat plate, heat transfer data for (f), 3-229, 
2-230 
skin-friction data for, 2-228 e 
turbulent flow along (f), 2-227 
Flat strips, capacitance per unit length, 5-15 
to 5-16 
Floors, sound transmission loss through (T), 
3-121 
Flow variables vs. Mach number for isen- 
tropic gas flow (T), 2-218 
Flow-velocity components of liquid jets, 
2-196 
Flowing liquids, symbols and definitions for, 
2-182 to 2-183 
Fluid dynamics, 2-12 to 2-14 | 
Bernoulli’s principle, 2-13 
and viscous fluids, 2-13 
Fluid flow properties of porous media, 2-179 
to 2-180 
Fluids, in equilibrium, 2-12 
sound propagation in, 3-25 to 3-55 
viscous (see Viscous fluids) 
waves in, 2-14 
Fluorescence, of gases and vapors (T), 6-112 
of organic substances i in poten (T), 
6-111 
Fluorescent chemicals, characteristies of 
(T), 6-111 
Fluorine, energy levels of (f) (T), 8-77 to 
8-85 
Fluorocarbon liquids, density of (T), 2-149 
Flutter echo, definition of, 3-4 
Flux, luminous, definition of, 6-52 
maximum permissible for normal neutron 
beam (T), 8-256 . 
FM cyclotron, description of, 8-174 to 8-175 
Focal depths of earthquakes (T), 2-107 
Foot-candle, definition of, 6-4, 6-10 
Foot-lambert, definition of, 6-9 
Force, centrifugal, 2-5 
Coriolis, 2-5 
definition of, 2-4 
on dipole, 5-21 
moment of, 2-6 to 2-7 
Force equation for viscous fluids, 3-27 to 
3-29 
Force factor, of ceramics (T), 3-95 
of piezoelectric crystals (T), 3-93 ° 
Force law, 5-41 
Foreign betatrons, list and descriptions of 
(T), 8-195 
Foreign cyclotrons and oe io lvone list 
and descriptions of (T), 8-191 to 8-193 
Foreign electron synchrotrons, list and 
descriptions of (T), 8-196 to 8-197 
Foreign electrostatic generators, list and 
descriptions of (T), 8-185 to 8-188 
Foreign linear accelerators, list and 
descriptions of (T), 8-200 to 8-201 
Foreign proton synchrotrons, list and 
descriptions of (T), 8-198 to 8-199 
Form factors in demagnetization, 5-240 
Formant frequencies in American speech 
(T), 3-131 to 3-132 
Formative time lag, 5-180 
Foucault current, definition of, 5-3 


Four-atom molecules, fundamental vibra- 
tions of (T), 7-148 to 7-149 
rotational constants and geometrical 
parameters of, asymmetric-top (T), 
7-155 
linear (T), 7-154 | 
spherical-top (T), 7-154 
-symmetric-top (T), 7-154 
Fourier-Kirchhoff-Neuman energy equa- 
tion, 3-29 
Fractional change of volume of incompres- 
sible metals (T), 4-28 
Fractional distillation, 2-137 
Fragments, fission, definition of, 8-2 
Fraunhofer’s lines, 6-4 
Free electrons and spin resonance, 5-103 
Free field, definition of, 3-4 
Free particle and wave mechanics, 7-162 
Free surface, 2-12 
of liquids, and shock waves, 2-235 
Free surface energy, 2-175 
Freezing point of sea water, 2-116 
French reactor program, 8-240 
Frenkel defects (T), 5-185, 5-195 
Frequencies, of equal-tempered scale, 3-105 
microwave letter notation for (T), 5-62 
Frequency, of conical resonators (T), 3-103 
critical hearing band (T), 3-127 
dielectric, of ceramics, 5-120 to 5-121 
of commercial dielectrics (T), 5-147 
of glasses, 5-122 to 5-123 
of plastics (T), 5-124 to 5-130 
of rubbers (T), 5-124 to 5-130 
differential threshold, in hearing (T), 
3-126 
effect on conductivity of copper, 5-197, 
5-200 
fundamental, of air columns and rods, 
3-102 to 3-103 
of strings, 3-100 to 3-102 
and pitch (T), 8-129 
relative, of sounds in American speech 
(T), 3-131 to 3-132 
of simple vibrators, 3-100 to 3-106 
of tuning fork, 3-104 
of vibration of bars (T), 3-104, 3-106 
Frequency bands, equivalent, in speech (T), 
3-133 
Frequency number and sound absorption, 
3-46 
Frequency perturbations 1 in strings (T), 
3-102 
Frequency ratings of electric motors, 5-252 
Frequency ratios for intervals in cents (T), 
3-106, 3-107 
Frequency standards, 5-112 to 5-113 
Fresh water, properties of (T), 3-69 
Fresnel’s formulas, 6-7 
Friction, coefficients of (T), 2-39 to 2-44 
rolling (f), 2-43 to 2-44 
sliding, 2-40 
static (T), 2-39 to 2-40 
Friction factor vs. Reynolds number, rough 
pipes. (f), 2-225 
Frictional force, 2-39 
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Fuel cores of various nuclear reactors (T), 
8-228 to 8-239 

Fuels for various nuclear reactors (T), 8-228 
to 8-239 

Full-load currents, average, for motors (T), 
§-256 

Fundamental frequency, of air columns and 
rods, 3-102 to 3-103 

of strings, 3-100 to 3-102 

Fundamental tone, definition of, 3-14 

Fundamental units in mechanics, 2-14 to 
2-15 

Fundamental vibrations of polyatomic 
molecules (T’s), 7-147 to 7-151 

Fused-quartz glass, index of refraction of 
(T), 6-31 

Fused silica, optical properties of, 6-40 

Fusion, heat of, for elements and com- 
pounds (T), 4-131 to 4-159 


G 


g factor and Zeeman effect, 7-169 
g values, for L-S coupling, 7-170 to 7-173 
Gabbro, 2-108 
Gadolinium sulfate, properties of (T), 4-14, 
4-19 
Gain function of radiating system, 5-68 to 
5-69 
Galactic magnetism, 5-295 to 5-297 
Galactic radio noise, 6-122 
Galvanomagnetic effect, 5-97 to 5-100 
Gamma energy in neutron capture for ele- 
ments (T), 8-96 
Gamma quantum, symbols for, 8-3 
Gamma-ray absorption in air (T), 8-253 
Gamma-ray energy of nuclides (T), 8-98 to 
8-128 
Gamma rays, 8-87 to 8-95 
absorption of, 8-87 
total, 8-92 to 8-93 
angular correlation and polarization of, 
8-93 
linear absorption coefficient for (f), 8-93 
maximum permissible exposure to (T’s), 
8-254, 8-255 
and neutron capture (T), 8-94 to 8-96: 
Gas, diffusion in, 2-211 to 2-214 
laminar flow in, 2-220 to 2-224 . 
turbulent flow in, 2-224 to 2-228 
Gas constants, 3-56 to 3-60 
per mole (T), 7-3 
R in various units (T), 4-80 
Gas diode and triode rectifiers, 5-263 
Gas flow, axially symmetric, 2-217 to 2-219 
basic parameters of, 2-221 
Blasius flow, 2-224 
boundary layer relations for, 2-223 
compressible, 2-214 to 2-219 
drag data for, 2-226 to 2-228 
equations for, 2-214 to 3-223 
continuity, 2-215 
energy, 2-215 
Euler momentum, 2-214 
linearized theory, 2-219 
of motion, 2-220 to 2-221 


Gas flow, equations for, one-dimensional, : 
2-216 to 2-217 
of state, 2-215 
two-dimensional, 2-217 to 2-219, 2-293 
flow variables vs. Mach number for (T), 
2-218 
heat transfer data for, 2-228 to 2-230 
hypersonic similarity rule for, 2-219 
Prandtl-Glauert rule for, 3-219 —- 
and skin-friction data, 2-228 
‘stream function for, 2-217 
transonic similarity rule for, 2-219 
turbulent, along flat plate: (f), 2-227 
two-dimensional, through pipe, 2-222 
velocity potential for, 2-217 
wall-friction relations (f), 2-225 to 2-226, 
Gas flow parameters, 2-215 
Gas mixtures, viscosity of, 2-205 to 2-206 
Gas temperature of discharge vs. tube radius 
(f), 5-183 
Gaseous substances, liquid densities of (T), 
2-144 
Gases, absolute viscosities of (T), 2-207 
acoustic properties of, 3-56 to 3-67 
cathode fall in, for various metals (T), 
§-184 
characteristic fapedeaes of (T), 3-63 
coefficient of self-diffusion for (T), 2-213 
compressible flow in, 2-214 to 2-219 ~—_. 
conduction (electrical) in, 5-166 to 5-184 
critical energy and radiation length for: 
(T), 8-39 
density of (T), 2-197 to 2-201, 3-56, 3-57 
dielectric properties of (T’s), 5-147 to. 
5-149 
diffusion eéeficisiits of (T), 2-212 to 2-213: 
vs. concentration (T), 2-213 -: 
vs. pressure (T), 2-213 | 
dissociative recombination i in (T), 5-171 
energy loss per ion pair in (T), 8-38 
Faraday rotation in (T), 5-232 
fluorescence of (T), 6-112 
index of refraction of (T), 6-21 
isothermal compressibility of liquefied 
(T), 2-162 
kinematic viscosities of (T), 2-208 
Lennard-Jones potential function con- | 
stants for (T), 4-129 
motions of electrons and ions in, 7-174 
to 7-219 
pressure-volume-temperature eiatioe: | 
ships for, 4-118 to 4-129 
recombination coefficients of (T’s), 5-171 
relative dielectric strengths of (T), 5-148 
to 6-149 
relative volume vs. temperature for (T’s), 
4-26 
shock wave properties of (T), 2-235 
specific heats of, at Cp and C, (T), 3-59 
thermal conductivities of (T), 3+58 to 
3-61, 4-71 
thermodynamic properties of, 4-80 to 
4-117 
Verdet constants for (T), 6-91 
viscosity, 2-201 to 2-210, 3-58 
viscosity coefficients for (T), 3-60 
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Gel-sol-gel transformation, 2-81 — 
Gels, definition of, 2-81 
mechanical properties of, 2-81 to 2-83 
_-ghear modulus of (T), 2-83 
General transmission lines, formulas for (T), 
5-50 
Generators, a-c and d-c, 5-246 to 5-250 
d-c, characteristics of (f), 5-259 
connections for, 5-258 
operating principles of, 5-258 
world-wide list of electrostatic (T), 8-182 
to 8-188 . 
Geodesy, principal problems of, 2-92 to 2-95 
Geodetic data, 2-92 to 2-101 — 
Geodetic problem, 2-93 
- Geodetic symbols, 2-92 
Geodetic systems, 2-95 to 2-96 
Geoid, definition of, 2-92 
.gravimetrical undulations of, 2-99 to 
2-100 ee 
Geomagnetic field vector, position of (T), 
§-292 
Geomagnetic poles, 5-291 — 
Geomagnetic tide, 5-293 
Geomagnetism, 5-291 a 
Geometric parameters of polyatomic mole- 
cules (T’s), 7-152 to 7-161 
Geopotential, definition of, 2-125 
vs. geometric height (T), 2-126 
Geopotential meter, 2-125 
Geostrophic wind, 2-130 to 2-131 
Germanium, extinction coefficients of (T), 
6-88 
index of refraction of (T), 6-26 to 6-27 
Gibbs-Hamilton notation, 3-28 © 
Glass, density of (T), 3-77 to 3-78 
dielectric frequency and volume resis- 
tivity of (T), 5-122 to 5-123 
dielectric properties of (T), 5-122 to §-123 
elastic constants of (T), 3-80 
impedance of: (T), 3-80 . — —- 
index of refraction, of National Bureau of 
Standards (T), 6-32 
of new types (T), 6-33 
Verdet constants for (T), 6-95 
wave velocities in (T), 3-80 
Glass filters, 6-43 to 6-44 
Globar'light sources, characteris ics of (f), 
6-81 Ps 
emissivity of (f), 6-81 . 
Glossy surfaces, reflection coefficients for 
incandescent light on (T), 6-43 
Glow: discharge, cathode current density in 
(T), 5-185 ) 
Glower light sources, characteristics of (f), 
. 6-81. es 
Glycerin volume related to pressure and 
temperature (T), 2-161 
Glycine, diffusion coefficients of (T), 2-192 
Glycolamide, diffusion coefficients (T), 
2-192 
Golay pneumatic cell, characteristics of (T), 
6-118 . 
Gold, energy loss of protons in (T), 8-35 
Gold alloys, elastic and strength constants 
for (T); 2-62 to 2-63 


Gonads, maximum permissible exposure of, 
to ionizing radiation (T), 8-255. 
Gradient wind, 2-132 . Me os <r 3 
Grain rotation and thermal losses, 3-84 
Grain scattering and thermal losses, 3-85 
Gram-ionic weight of paramagnetic salts 
(T), 4-14 : 
Granitic rocks, 2-108 _— 
Grashof number and gas flow, 2-221 
Gravimetric undulations, 2-99 
Gravimetrical method of earth measure- 
ment, 2-96 . ve 
Gravitational constants (T), 2-91 
Gravity anomalies and earth measurement, 
2-97 
Gravity formula, 2-98, 2-99 
Gravity values for earth, 2-101. . 
Gravity waves in sea water, 2-122 to 2-123 
Ground-state configuration of stable nuclei 
(T), 8-6 to 8-17 
Ground-state transitions of alpha emitters, 
8-55 to 8-56 | 
Ground states of atoms (T), 7-13 to 7-15 
Ground surfaces, reflection coefficients for _ 
incandescent light on (T), 6-43 
Group velocity of waves, 5-51, 5-58 
Gruneisen’s equation, constants in (T), 4-64 
definition of, 4-63 — ~ 3 
Gut strings, mass per unit length (T), 3-101 
Gyromagnetic effects, 5-4, 5-103 to 5-104 - . 
Gyromagnetic ratio, definition of, 5-103, — - 
§-229 
of various substances (T), 5-229, 5-230 


H 
H waves, 5-47 oad . 
Half cells, standard emf of (T), 5-274 to 
§-276 


Half life, vs. effective alpha energy for vari- 
. ous alpha emitters (f), 8-54 — 
of nuclides (T), 8-97 to 8-128, 8-202 to 
_-§=2tt 
Hall angle, definition of, 5-159. 
Hall coefficients, 5-98 tata, 
Hall constant, definition of, 5-157, §-233 
of various materials (T), 5-237 to. 5-238 
Hall effect, definition of, 6-4, 5-98, §-157, 
§-159 | x 
Hall mobilities of various substances (T), 
5-161 — : . . 
Hamiltonian in wave mechanics, 7-162 
Handbooks, mathematical, list of, 1-2 to 


1-50—~O« a 
Hardness numbers, definitions of, 2-69, 2-78, 
2-80 al 


(See also Brinell hardness number) 
Harmonic, definition of, 3-14 — 
Harmonic oscillator and wave mechanics, 
7-162 i . 
Harmonic series, of sounds, definition of, 
3-15 . 
in string vibrators, 3-102 — 
Hartree units, 7-174 | 
Health physics, 8-250 to 8-257 2 
definitions of units, 8-250 to 8-251 : . 
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Hearing; critical frequency band: of (T), 
3-127) | 
differential thresholds of, foe intensity 
and frequency (T), 3-126 -. 
and localization of sound, 3-129 
and loudness, $-13, 3-128 to:3-129 
loudness level vs. Pressure and frequency, 
(T), 3-128 — 
masking, definition of,.3-13 
minimum audible pressure on ear Her (T), 
3-124 to 3-125. 
per cent of, definition of, 3-13 
and physical dimensions of ear ae 3-123 
and pitch, 3-13 
pitch ‘vs. frequeney (T), 3-129 
of short-duration sounds, 3-127 
and sound masking, 3-127 
' and speech, 3-123 to 3-133 
_ threshold of feeling or discomfort, 8-126 
and thresholds, 3-14 
Hearing loss, definition. of, 3-12:to 8-13 
Heat, of fusion (T), 4-131 to 4-159 
of sublimation (T), 4-131 to 4-159 - 
of transition (T), 4-131 to 4-159 - 
of vaporization (T), 4-131 to 4-159. 
Heat capacities, molar, of elements Ss 
4-41 to 4-43 . : . 
of various substances, 4-39 ie 4-50 
Heat content; molal, of solutes: (T), 5-281 © 
Heat-exchange equation for viscous fluids, 
BB 
Heat flow, and sirenuaion for metals: (T), 


intererain, in metals (T), 3-83 
in solids, 3-79 

Heat flux in viscous ligtide: 3-31 

Heat index in stellar radiation, 6-80 

Heat: radiation, coefficient of, 3-31 
and sound absorption and dispersion, 

3-49 to 3-50 

Heat transfer, from flat slate (f), 2-229 
in gas flow (f’s),; 2-228 to 2-230 
and skin friction, 2-230 : 

Heavy meson, 8-227 i: 

Heavy'nuclei, resonance parameters of (T), 

8-147 to 8-152 

Heavy particles, range-energy relations, 8-23 
straggling of, 8-36 

Hefner unit, 6-6, 6-9, 6-10 

‘Heisenberg exchange coupling, 5-101 

Helicotrema in ear (T), 3-123 . 

Helium, electron power losses in (f), 5-182 
energy lévels of (f) (T), 8-58, 8-59 vi 
principal spectral lines of (T), 7-43 to 7-45 
solid, volume and compressibility of (T), 

4-27 
-temperature-entropy diagram for (f) , 4-94 
virial coefficients for (T), 4-119 to 4-120 

Helium I, energy-level diagram of. (f), 7-28 

Helix, magnetic induction of, 5-27 — 

Helmholtz coil, 5-26 | 

Helmholtz ‘resonator, 3-103. to 8-104 

Henry, international vs. absolute (T), 5-106 

Henry’s law, 2-120 

Hermite peo. end wave mechanics, 

“%=162, 7-104 - : 


Hexagonal crystal systems (f) (T), 2-45, 
2-47 

Hexagonal. crystals, elastic constants ana : 
coefficients (T), 2-57 2 

Hexagonal symmetry, 3-75. 

High-pass filter sections, design of (T), 5-86 
to 5-89 

High-permeability materials, PFOperH 6:0 of 
(T), 5-216 vi 

High-pressure effects, 4-24 ‘3 4-38 — 

Hole conduction (electricity), 5-97 

Hole traps and electron conduction, 5-160 

Holes and Hall mobilities (T), §-161. 

Hooke’s law, 2-10, 2-11 2 

Horns and beam formation, 5-73: 

Horsepower characteristics of motors (T’s), 

5-253 to 5-255 
Horsepower rating of. electric Tipton (1), 
§-252 
Horsepower peauieeineuts aud deoteié 
motor selection, 5-250 to 8-251 

Horseshoe magnets, 5-36 

Hour, definition of, 2-14 7 

Humidity, effects-of, on sound propagation, 

3-63 to 3-66 a 

Huygens’ theory of light, 6-4 

Huygens-Fresnel principle, 5-72 to 5-73. 

Hydraulic junction, 3-141, 3-143 

Hydrocarbons (saturated), acoustic proper: 

ties of (T), 3-72. 

Hydrogen, atomic mass of; 7-3, 84 
compressibility factor for (T), 4-95. 
electron energy losses in (f), Sale 
enthalpy of (T), 4-98 - 
entropy of (T), 4-99 
ionization per volt in (f), 5-170 
Prandtl numbers for (T), 2-223 - . 
relative density of (T), 4-96 
specific heat of (T), 4-97. 
temperature-entropy diagram for’ (), 

4-100 to 4-102 
thermodynamic conversion factors for 
 (T), 4-81 
total neutron cross section of (f), 8-131. 
virial coefficients.for (T), 4-124 | . 
Hydrogen chloride, efficiency electron’ at i 
tachment in (f), 5-173 a 
meee eneecuvily: cooniclens of @, 
§-279 

Hydrogen isotopes, masses of (T), 7-3 

Hydrogen sulfide, efficiency electron attach- 

ment in (f), §-174. 

Hyperfine splitting of atomic hydrogen We 

(T), 6-122 

Hyperfine structure and Zeeman effect, 

7-169 
Hyperfragments, 8-245, 
Hyperons, characteristics of (T), 8-241, 
8-244 to 8-245 
definition of, 8-240 to 8-241 
and excited nucleons, 8-245 
nomenclature for, 8-240 to 8-241 
Hypersonic similarity rule for ges flow, 
2-219 . pes 
Hypsometry, 2-126 | 
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Hysteresis constant for magnetic losses at 
low induction (T), 5-220 

Hysteresis curves, definition of, 5-4 

Hysteresis loss and maximum induction in 
several materials (f), 5-215 


I 


Tee, transition parameters (f) (T), 4-34, 
4-35 
Ideal gas relations nad shock waves (T), 
2-232 to 2-233, 2-235 
Ideal transmission lines, formulas for (T), 
5-50 
Ignition rectifiers, 5-263 
Ilford C-2 emulsion, range-energy relations 
for alpha particles, deuterons, protons, 
| and tritons in, 8-32 
Illuminants, efficiencies of durrent types 
(T), 6-77 Os 
standard (T), 6-56 
Illumination, definition of, 6-4, 6-9 
Image force, definition of, 54 
Impedance, acoustical, 3-8, 3-53, 3-108 to 
3-110 
American Standard, 3-8 
characteristic, definition of, 3-9, 3-62 
for gases (T), 3-63 
of ear (T), 3-123, 3-124 
of glasses (T), 3-80 
mechanieal, 3-9 
of metals (T), 3-80 
of organic liquids (T), 3-72, 3-73 
of plastics, 3-80 
and sound transmission in solids, 3-74 to 
3-79 
vector, equations for, 3-138 
of water, fresh and sea (T), 3-69 
Impedance analogy, and acoustics, 3-140 
to 3-177 
definition of, 3-140 
symbols for constructing schematic dia- 
gram based on (T), 3-145 to 3- 176 
Impedance matching, curves of (f), 5-52 
in transmission lines, 5-51 
Impulse-momentum theorem, 2-5 
Incandescent light, reflection coefficients 
for (T), 6-43 
Incipient cavitation, cavitation number 
(f), 2-186 
Inclination, of earth’s apneic field, 5-291 
of planets to ecliptic (T), 2-90 
Incremental variables, 3-32 
Incus in ear (T), 3-123 
Index of extinction, definition of, 6-2 
Index of refraction, 6-11 to 6-35 
of acids (T), 6-22 
of biaxial minerals (T), 6-14 to 6-17 
definition of, 6-4, 6-102, 6-103 
vs. dispersion for optical glass (f), 6-33 
of evaporated mirror coatings (T), 6-104 
of fused-quartz glass (T), 6-31 . 
of gases and vapors (T), 6-21 
of liquids relative to air (T), 6-18 
liquids used in measuring (T), 6-35. 


Index of refraction, of National Bureau of 
Standards optical glass, 6-32 
of optical plastics (T), 6-19 to 6-20 
of quartz at various temperatures (T), 
6-34 
of salt solutions (T), 6-22 
of sea water, 2-119 
of some new glasses (T), 6-33 
of special optical materials (T), 6-23 to 
} 6-30 
uniaxial minerals (T), 6-12 to 6-13 
of various metals (T’s), 6-105 to 6-107 
Inductance and acoustic analogy, 3-135, 
3-136 
Inductance standards, 5-110 to 5-112 
Induction, low, magnetic losses at, 5-200 
of magnetic material, 5-206 
variation of hysteresis loss with (f), 5-215 
Inductive reactance and sound absorption, 
3-45 
Inductors, 5-110 to 5-112 
Inelastic collisions by electrons in various 
substances (f’s), 7-177 to 7-182 
Inertance and acoustic analogy, 3-135 | 
Inertia, moments of, for various bodies” 
(T), 2-38 to 2-39 
Inertial forces, definition of, 2-5 
Inertial frame of reference, 2-3 to 2-4. 
Infrared reflecting factors of dry pigmente 
(T), 6-41 
Infrared standard wavelength (T), 6-88 to 
6-90 
Infrasonic frequency, definition of, 3-4 
Inharmonicity, definition of, 3-102 
Initial permeability, definition of, 5-214 
Inorganic aqueous solutions, surface ten- 
sion of (T), 2-177 
Inorganic gases, densities of (T), 2-199 
Inorganic liquids, densities of (T), 2-143 
dielectric constants of (T), 5-133 
Verdet: constants for (T), 6-92 | 
Inorganic solids, dielectric constants of 
(T), 5-115 to 5-117 
Inorganic substances, critical temperatures, 
pressures, and densities of (T), 4-21 to 
4-22 
Insertion loss, definition of, 3-9 
Insolation, definition of, 2-132 
Inspected electrical equipment, list of, 
§-245 
Instantaneous acceleration, definition of, 
2-3 | 
Instantaneous angular velocity, 2-8 
Instantaneous cubical expansion, 2-151 
Instantaneous sound pressure, definition 
of, 3-4 
Instantaneous speech power, definition of, 
3-13 
Instantaneous velocity, 2-2 
Instrument transformers, 5-259 to 5-260 
Instruments, deflecting, 5-113 
Insulated conductors, current-carrying 
- capacities of (T), 5-202 to 5-203, 5-257 
Insulating materials, thermal conducuyaty:. 
of (T), 4-68 to 4-70 
Integral forms of Maxwell’s equations, 5-40 
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Integral formulations in electrical field. 
equations, 5-36 to 5=37 

Intelligibility of speech, definition of, 3-12 

Intensity, atomic selection rules of, 7-25 to 
7-26 


differential threshold of, in nearing (T), 


3-126 
of illumination, definition f. 6-5 
level of sound, 3-3 isi 
of radiation, definition of, 6-5 
of sound, definition of, 3-6 |. 
of standard spectral lines (T), 6-83 to 6-86 
in Zeeman effect, 7-169 
Interference filters, 6-45 to 6-50 | 
multilayer, 6-46 to 6-47 
polarization, 6-48, 
Intergrain heat flow, in metals (T), 3-83 
and thermal losses, 3-84 
Intermediate tissues of body, maximum per- 
-missible exposure to ionizing radiation 
(T), 8-255 
Internal energy of a solid (T);. 4-44, 4-45 
Internal transmittance of light, definition 
of, 6-36: 
International enndle: definition of, 6-3, 
_ 6-6, 6-8, 6-9 | 
International electtical units. related to 
absolute (T), 5-106. 
International ellipsoid, 2-96. to 2-99 


quantities associated with, 2-100 to 2-101 | 


International formula for emf of cells, 
5-108 
International gravity formula,. 2-97 to. 
2-99, 2-101 
International photometric siandard: 6-52 
International standard A, 3-105 ss 
International. temperature scale, compari- 
son of 1927 and 1948 (T), 4-4 
definition and equations for (T), 4-3 
interpolation equations for, 4-3 
International wavelength standards in 
vacuum ultraviolet (T), 6-87 
Interval rules of atomic selection, 7-25 to 
7-26 
Intervals, definition of, 3-15 
for various frequency ratios (T), 3-106, 
3-107 
Intrinsic conduction, 5-160 
Intrinsic viscosity, 2-165 
Iodides, optical properties of, 6-40 
Ion conversion, probability curves for vari- 
ous substances (f’s), 7-201 to 7-202 
Ion formation, probability of, in several | 
substances (f’s), 7-184 to 7-185 
Ion ground states of. atoms (T), 7-13 to 
7-15 
Ion mobility for various substances (f’s), 
7-212 to 7-218 
Ion production in upper atmosphere (T), 
§-284 
Ion recombination coefficient, definition of, 
5-171 
Ionic conductivity in salts, 5-185 to 5-196 
Ionic conductors, conductivity of. (T’s), 
5-186 to 5-188, 5-192 to 5-194 — 
conductivity formulas (electrical), 5-97. . 


Tonic conductors, density and. mobility of 
defects for (T), 5-189 
transport numbers for pure and mixed 
(TY, 5-191 to 5-194 
Tonisation: ‘atmospheric, 5-283 to 5-284 
by electrons, 5-166 
per volt in hydrogen and neon-argon mix- 
tures: (f’s), 5-170 
Ionization potential of atoms Tt 7-13 to 
7-15 
Ionized gases and Faraday icistion cE 
§-235 
Ionizing radiation, permissible exposure to 
(T’s), 8-254 to 8-256 
Ionosphere, diurnal and seasonal variations 
in (f), 2-131 
in relation to other atmospheric layers: 
(f), 2-130 
Tonospheric regions, characteristics of (T), 
§-284 
Ions, drift velocities in various substances 
(f’s), 7-212 to 7-218 
elastic collisions by, in various sub- 
stances (f’s), 7-186 to 7-188 
formation, density, and mean life in 
lower atmosphere (T), 5-284 
motions in gases, 7-174 to 7-219 
surface phenomena of, 7-192 to 7-203 
and Zeeman effect in crystals, 7-171 
Iron, emf of, vs. constantan in thermo- 
couples (T), 4-11 - 
total cross section of (f), 8-133 
Iron I, energy-level diagram of (f), 7-37 
photoelectric traces of spectrum of (f), 
-T-103 to 7-118 
principal spectral lines of (T), 7-87 to 
7-102 
Iron II, energy-level diagram of (f), 1-36 
Iron alloys, Curie points and saturation 
Magnetization of (T), 5-209 
elastic and strength constants of (T), 
2-70 to 2-71 
Hall constants of (T), 5-239 
Iron ammonium alum, properties of (T), 
4-14, 4-18 
temperature data for (T), 4-18 
Iron-cobalt-nickel alloys, Curie points and 
saturation magnetization of (f), 5-207 
Irrotational waves, 2-12 
Isentropic gas flow, flow variables vs Mach 
number (T), 2-218 
Isobar, definition of, 8-2 
Isobaric interval, definition of, 2-132 
Isoclinic lines, §-292 : 
Isocurrent junction, 3-141. 
Isodynamic lines, §-292 
Isogonic lines, 5-292 
Isomagnetic patterns, 5-292 
Isomers (T), 8-96 to 8-128 
Isoporic lines, 5-293 
Isostatic equilibrium, 2-99 
Isothermal compressibility, 2-151 
of aqueous solutions (T), 2-164 
of liquefied gases (T), 2-162 
of nitric acid (T), 2-162 _ 
of organic liquids (T), 2-163, 2-164. 


A ee | Se ere Oe ee ee se as 
_ rice YE? eae eT | 


Isothermal compressibilty, of. eusasne cana 
(T), 2-162 
Isothermal Hall effect, 6-98. 


Isothermal modulus of: elasticity, 2-85, 2-86 


Isotherms of tropopause (f), 2-129 
Isotone, definition of, 8-2 
Isotopes, definition of, 8-2 


of elements (T’s), 8-154 to 8-168, 8-170 to 


8-171 
Isotopic incoherence, 8-144 
Isotopic spin for light nuclei (f’s) (T), 857 
to 8-86 
Isotropic media, field vectors for, 5-38 


‘J 


J rule-of electron transition, 7-21 

J values for multiplets (T), 7-19°t+0 7-20 

Jets; liquid, 2-195: to 2-197. 
streamlines (f), 2-196 

Joule, international vs. absolute (T), 5-106 

Joule’s peel 5-3 : 


K capture, 8-3 

K index and magnetic activity, dednition, of, 
5-294 . 

K mesons, 8-240, 8-242 to $244 

Kes meson, 8-244 

Kye meson, 8-243 

Kus meson, 8-244 © = | 

K-series X-ray: lines, wavelengths of Come 
7-125 to 7-126 


Kamerlingh Onnes equation of state; 4-118 


Kelvin temperatures, conversion equations 
for (T), 4-2 

Kerr' effect and Pockel’s effect, 6-94 

Keyes equation, gas constants for (T), 
2-204, 2-205° - : 

Kilowaéthour, definition of, 2-15 

Kinematic ceefficient of viscosity, 3-58 

Kinematic interpretation of Boome @), 
2-203 

Kinematic viscosity, conversion factors for 

(T), 2-208 


definition of, 2-201 eS ar = 


of sea water (T), 2-122 

units of (T), 2-203 

of various gases. (T), 2-208 

of water and water vapor (T), 2-210 


‘Kinematics, definitions for; 2-2 to 33 | 


Kinetic énergy, definition of, 2-4 
and work-energy theorem, 2-9 
Kirchhoff-Langevin equation, 3-46, 3-49 
Kirchhoff’s formula for: eapacitince, 6-14 > 
Kirchhoff’s laws, and circuit: theory, 5-80 
of electric currents, 6-3" oe 
of radiation, 6-5 
Kneser’s nomogram for attenuation of 
sound (f), 3-64" 
Kozeny’s equation, 2-180. 
Kramer’s degeneracy and Zeeman effect, 
7-171 
Krasskouski ellipsoid, 2-06 
Krypton, virial coefficients oe (T); 122 
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Krypton IT, photoelectric traces of spectrum 
of (f), 7-71 to 7-74 => 
principal spectral lines of () i 7-66 to 7-70 


L 


i mesons, “240, B-242 
L rule of eléctron transition, 7-25 
L, S coupling, 7-17, 7-18 ; = ' 
g values for <T’s), 7-170 to 7-173 
L-series X-ray lines, wavelengths of (T), 
497 to 1-128 : | 
Lag constant for magnetic losses nt low © | 
induction (T), 5-220 
Lagrangian wave equation, 3-35 
Lambert, definition of, 6-9, 6-10 
Lambert’s law, of absorption, 6-2, 6-5. 6-6 | 
of illumination, 6-5 = . 
Lame elastié moduli, 3-75 i 
Laminar flow, circular jet, 2-195 to > 2-196 | 
definition of, 2-224 
of gases, 2-220 to 2-224 
in plane jet, 2-197 
Lamp color of fluorescent chemicals (T), 
6-111 
Lamps, approximate brightness of various . 
types (T), 6-78 7 
efficiencies of various types (D, ‘6-77 
Lande splitting factor (g); definition of, 
--§-231 - 
of various substances: (T), 5-229, 5-230 
Lande’s formula, 7-168 
Laplace’ s equation, 2-13 
in geodesy, 2-96 
Lapse rates in meteorology, ‘2-125 to 2-127 
Large aperature systems, 8-73 to 8-74 
Larmor principle in particle acceleration, 
8-173 to 8-174 — 
Latent heat, of sea water, 2-121 
of various elements and compounds (T’ 8), 
4-30 to 4-159: : 
for various substances (T’s), 4-34'to 4-38 
Lattice constants, for compounds (T), 2-53 
to 2-54 
for crystal systems (f) (T), 2-45 
for elements (T), 2-48 to 2-52 | 
Lattice energy (T), 4-45 ev 
Lattice entropy (T), 4-46 
Lattice network, 5-84 
Lattice vibration, 4-44 . 
Laws arid principles, Ampere’ s law, 53 
Beer’s law, 6-3. 
Bernoulli's principle, 2-13 
Bragg-Gray (ionizing radiation) pane 
ciple; 8-250'to 8-251 © 
Brewster’s law, 6-3 
Coulomb’s law, 5-3 © 
Curie law re cael. 8-100 
Curie-Weiss law, 5-101, 5-236 | 
D’Alembert’s principle, 2-5 
Darcy’s law, 2-179 
Faraday’s law of induction, 5-3 
Fermat’s principle of least time, 6-4 
Henry’s law, 2-210 
Hooke’s law, 2-10, 8-11 
Huygens-Fresnel principle, 5-72 +0: 8-7 3° 
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Laws and principles, hypersonic sures Tes 
rule, 2-219 Swett 
Joule’s law, 5-3. ; 
Kirchhoff’s laws, in ‘circuit theory, 5-80 
of electric currents, 5-3 - 
of radiation, 6-5 
Lambert’s. law, of absorption, 6-2, 6-5. 
of illumination, 6-5 
Larmor principle, 8-173 to 8-174 
Lenz’s law, 5-3 «~.. 
Newton’s laws, 2-4 to 2-5 
Ohm’s law, 6-3. 
phase stability principle, 8-176 
Prandtl-Glauert gas flow Be 4-219 
Snell’s law, 3~78 
of refraction, 6-7 
Stokes law, 2-13 a Ag 
transonic similarity rule, 2-219 
Wien’s displacement law, 6-8 
‘Lead, elastic and eeneet constants of (T), 
2-72 
energy loss aed range of protons i in (T), 
8-33 to 8-34 ~ 
proton straggling in (T), 8-36 
Young’s modulus vs temperature for. r @), 
3-96. 
Lead : ‘alloys, density: of. (T), 2-29 
elastic and strength constants for (T), 
2-72 
Lead sulfide color index of stellar spectral 
classes (T), 6-80. 
Least mechanieéal eduvaleee of Hight, defi- 
nition. of, 6-9 
Legendre pofynomials and wave mechanics, 
7-164 to ‘7-165 
Length, units and conversion dantics for 
(T), 2-15 
Lennard-Jones potential function, constants 
for various gases (T), 4-129 
definition of, 4-129 
Lenses, 6-5 
‘and beam formation, 8-73 
combinations of; 6-5 © 
Lenz’s law, 5-3 | 
Letter symbols in ecustiee. 3-18 to 3-24: 
Level, acoustic, of discomfort, 3-14 
acoustic intensity, definition of, 3-4 
band pressure, 3-2 
power-spectrum, 3-5 
pressure, 3-5 
sound, 3-6 
threshold of audibility, 3-14 
Level order, nuclear (T), 8-19 
Lifetime of energy state for light nuclei (f’s) 
(T), 8-57 to 8-86 - 
Light, ‘absorption of, 6-36 to 6-40 
Huygens’ theory of, 6-4 
reflection of, by various metals (T), 6-109 
to 6-110 
transmission of, 6-36 to 6-40 
Vs. wavelength (f), 6-47 
transmittance, definition of, 6-36. 
velocity of (T), 7-3 
measurements of (T), 6-119, 6-120 
Light meson, 8-227 


Light nuclei, energy levels oF Mae, (T), 8-56; 
8-58 to 8-86 
resonance parameters of (T), 8-145 to 
8-146 
Light sources, epprenaete brightness of, 
(T), 6-78  . 5 
characteristies of. falcbai. and. glower (f), 
6-81 
efficiencies of various types (TD), 6-77 
Light year, definition of, 2-14 
Lightning discharge, nature of, 5-285 ios 
§-286 | 
Lightning strokes, characteristics of. , 
. §288 . 

Limiting scivalons gonductanses of i ions. in 

various solutions (T’s), 5-271 | 

Line sound source, beam angle of radiation 

(f), 3-111,.3-112. 
directional radiation from, $-1 10 to. 
3-111 

Line spectrum, definition of, 3-5 

Line strength for various electron transi- 

tions, 7-26 . _ 

Linear absorption coefficient of gamms 

radiation, 8-93 . ee 

Linear accelerators, electron and proton, 

* 8-178, 8-179 
world-wide list of (T), 8-200 to 8-201. 
Linear circuit formulas, 5-23 3. 
Linear electron accelerators,. deseription of, 
8-178 
Linear molecules, rotational constants. and’ 
. geometrical parameters of, five-stom 
(T), 7-156 
four-atom (T), 7-154 ep eo 
six-atom (T), 7-160 | 
triatomic (T), 7-152 to 7-153 . 
Linear proton accelerator, description of, 
8-179 
Linear thermal expansion. coofiicients, of. 
alloys (T), 457.to 4-60. 
of elements (T), 4-51 to 4-55 
of miscellaneous materials (T), 4-61 
of semiconductors (T), 4-63. . 
Linearized theory equations for gas flow, bes 
2-219 
Linearizing of equations of motion, 3-32. 
Liquefied gases, Faraday rotation in (T),, 
5-232 
isothermal compressibility of (), 2-162, 

Liquid jets, 8-195 to 2-197. 

Liquids, acoustic properties, 3-67 to 3-74. 
adiabatic compressibilities (T), 2-163, 

2-164... 

_ behavior under pressure, 2-152 — 
cavitation in, 2-182 to 2-189, 3-68 . 
compressibility experiments for, 2-151 
cubical expansion of (T), 4-62 | 
density of (T), 6-18 

and compressibility, 2-136 to 2-164 
.. cryogenic (T), 2-146 . 
dielectric constants of (P 8), 5-132 to 
§-147 
diffusion in, 2-189 to 2-195 
index of refraction of, roptive to air. CE); 
6-18 
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Liquids, isothermal compressibilities of (T), 
2-163, 2-164 . 
pressure effect and thermal conductivity 
of (T), 4-75 
pressure-volume-temperature relations 
of (T), 2-152 to 2-161 | 
relative volume vs. temperature for (T’s), 
4-26, 4-27 
specific rotation of (T), 6-99 
surface energy of, 2-174 to 2-176 
surface tension of (T), 2-172 to 2-176 
symbols for acoustic properties of, 3-67 
tensile strength of (T), 2-169 to 2-174 
thermal conductivity of (T), 4-71, 475 
used in measurement of index of refrac- 
tion (T), 6-35 
Verdet constants for various inorganic 
and metal-organic (T), 6-92 
viscosity of, 2-165 to 2-168 
organic (T), 2-169 
volume vs. pressure and temperature, 
2-151 
Lithium, energy levels of (f) (T), 8-58 to 
8-62 7 | a8 
Lithium fluoride, absorption coefficients of 
(TT), 6-37 «8 
index of refraction of (T), 6-23 to 6-25 
optical properties of, 6-39 
Live room, definition of, 3-17 
Lloyd mirror effect, 3-68 — ; 
Load impedance measurement in transmis- 
sion lines, 5-51 | . 
Local anomalies in earth’s magnetic field, 
§-292 | 
Localization of sound, 8-129 
Logarithmic decrements, and ‘anelasticity, 
2-85, 2-86 
vs. frequency for various materials (f’s), 
2-86 
of various materials (T’s), 2-87 
Logarithmic mean virtual temperature, 
2-126 
Longitudinal magnetostriction as function 
of field strength (f), 5-225 
Longitudinal waves, definition of, 3-5 
reflection of, 3-78 
scattering factors of, in metals (T), 3-83 
travel time of, through earth (T), 2-104 
velocity of, 2-102 
in earth (T), 2-109 
Loschmidt’s number (T), 7-3, 7-174 
Losses due to heat flow, 3-79 
Loudness, definition of, 3-13 
and hearing, 3-128 to 3-129 
Loudness contours, 3-13 
Loudness levels, 3-13 « 
in hearing, definition of, 3-123 
vs. sound pressure and frequency (T), 
3-128 
Loudness units, 3-13 
Low induction loss, material constants for 
(T), 5-220 
Low-loss transmission lines, formulas for 
(T), 5-50 
Low-pass filter sections, design of (T), 
5-86 to 5-89 xP 9 


Lower atmosphere and standard atmos-’ » 
phere (T), 2-128 be as 
Lubricants, 2-42 oie 
viscosities of (T), 2-168 a 
Lumen, definition of, 6-9, 6-10 
scotopic, 6-53 , re . 
Luminosity, photopic (T), 6-50 to 6-52 — 
scotopic (T), 6-51 to 6-53 
Luminous efficiency, maximum (T), 6-63 
Luminous flux, 6-5,6-52 i 
definition of, 6-5 
Luminous intensity, 6-6 
Luminous reflectances, 6-52 
maximum (T),; 6-63 
scotopic, 6-53 
Luminous transmittance, 6-52 © 
scotopic, 6-53 - 
Lux, definition of, 6-4, 6-10 
Lyophobic sols, 2-181 — 
Lyophilic sols, 2-181. 
Lyot and Oehman filter, 6-48 


M 


m~derived filters, 5-84 | 
M rule of electron transition, 7-25 
M-series X-ray lines, wavelength of (T), 
7-129 : 
Mach number, definition of, 2-215 
and gas flow, 2-221, 2-229 
of incident shock wave, 2-233 . 
vs. skin-friction ratio (f), 2-229 
Mach reflection of shock waves, 2-234 
Mach stem and shock waves, 2-234 
Magnesium alloys, density of. (T), 2-29 
elastic and strength constants of (T), 
2-73 to 2-74 Ooh. 
Magnesium oxide, absorption coefficients. 
of (T), 6-37 eed 
index of refraction of (T), 6-23 to 6-25 
optical properties of, 6-40 
Magnetic alloys, change of Curie point of, 
with pressure (T), 5-220 
demagnetization curves of (f), §-218 
longitudinal magnetostriction of, as 
function of field strength (f), 5-225 
magnetization curves of (f), 5-214 . 
variation of hysteresis loss with maxi- 
mum induction for (f), 5-215_ 
Magnetic axis of earth, 5-291 
Magnetic bays, definition of, 5-294 
Magnetic circuit, 5-34 to 5-35 oo: 
Magnetic crystal anisotropy constants of 
cubic crystals (T), 5-221 to 5-222 
Magnetic declination, 5-291 | 
Magnetic dip poles, position of (T), 5-292 — 
Magnetic dipole radiator, 5-69 to 5-70 
Magnetic dipole moment of stable nuclei 
(T), 8-6 to 8-17 , 
Magnetic ellipticity, 6-92 | 
Magnetic field, effect of, on atoms, 7-168 
to 7-173 | = 
energy of permeable bodies in, 5-33 to 
§-34 . . > * 
of stars, 5-297 
of sun (T), 5-295 
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Magnetic field, and sunspots, 5-297. 
transient penetration into plane sold, — 


6-93. 
for various circuit configurations, 5-25 
to 5-27 
Magnetic field strengths, polar, of stars 
(T), 6-296. 


Magnetic flux density, definition of, 5-2 
Magnetic. forces on electrical circuits, 5-32 
to 5-33 
Magnetic formulas, static-magnetic-field, 

5-25 to 5-36 
Magnetic induction, definition of, 5-2 
due to various bodies, 5-25 to 5-27' 
Magnetic lines of force, definition of, 5-4 
Magnetic losses at low induction, 5-220. 
Magnetic moment, direction of, in anti- 
ferromagnetic materials (T), 5-227 to. 
§-228 
of earth, 5-292 
of electron, 8-4 
of neutron, 8-129 
of nuclei, definition of, 8-5. 
orientation of, in antiferromagnetic 
- materials (f), 5-229 
of proton, 8-4 
Magnetic polarization, 5-3 . : 
Magnetic properties, of earth and stars, 
5-283 to 5-297 
of materials, 5-206 to 5-244 
symbols for, 5-206 
Magnetic rotation, 6-91 to 6-94 


Magnetic rotatory power for ferromagnetic 


films (T), 6-96 
Magnetic saturation, definition of, 5-4. 
Magnetic shielding, 5-34 
Magnetic sources, 5-37 
and. Maxwell’s equations, 5-40 
Magnetic splitting in crystals, 7-171 . 
Magnetic starters for electric motors, 5-256 
Magnetic storms, definition of, 5-294 
Magnetic structure of antiferromagnetic 
materials (T), 5-227 to 5-228 
Magnetic susceptibility, 6-100 
Magnetic tubes of flux, definition of, 5-4. 
Magnetic-type waves, 5-47 
Magnetism, gyromagnetic effects of, 5-103 
stellar and galactic, 5-295 to 5-297 
terrestrial, 5-291 to 5-295 
types of, 5-100 to 5-103 
Magnetization curves of some commercial 
alloys (f), 5-214 
Magnetohydrodynamic nation. 5-293 
Magnetomotance, definition of, 5-35 — 
Magneto-optical rotation, dsfnivions: of, 
§-231 
of various Subatatices. (T), 5-232 
(See also Faraday effect) 
Magnetoresistance, 5-99... 
Magnetostriction, definition of, 5-4 
longitudinal, as function of field strength 
(f), 5-225 
saturation, of crystals aad: solgeratal: 
line materials, 5-222 to 5-224 — 
Magnetostriction constants of cubic erys- 
tals (T), 5-223 


Magnetostriction form factors (T), 5-244 
Magnetostrictive properties of metals and 
ferrites (T), 3-99 
Magnetostrictive rod, equivalent circuit 
(f), 3-100. 
Magnetostrictive iganaducars: 3-92 to 8-98 
equivalent circuits for, 3-89; 3-98 ee 
Magnets, permanent, properties of miate- 
rial for (T), 8-219 
Magnifying power, definition of, 6-6 
Magnitude, various types of, of stars, 6-80 
Malleus in ear (T), 3-123 
Manganese I, pnetey lene! diagram Of @), 
7-35 
Manganese ammonium sulfate, properties 
of (T), 414, 4-19 
Manganese-copper-aluminum allege ‘satu- 
ration induction. of (f), 5-207 © 
Manual starters for electric motors, ‘5-256 
Masking (acoustics), ‘definition of, $-13 
of sound in hearing, 3-127 
Masking audiogram, definition of, 8-18 
Mass, acoustic, 3-8 
and acoustic analogy, 3-135 
of atomic particles (T), 7-3 : 
center of, for various. podies (T), 2-36 
to 2-37. 
_ definition of, 2-4 
of earth, 2-101 
of mesons and hyperong (1), 8-241 
of neutron, 8-129 
Mass absorption, 6-2 
Mass. anomalies in geodesy (f), 2-93 | 
Mass deficiencies of oceans (f), 2-93 
Mass-energy eonversion factors, 8-4 
Mass formulas, semiempirical, 8-19 to 8-21 
Mass numbers, of atoms in diatomic mole- 
cules (T), 7-136 to 7-141 - | 
_of elements (T), 7-9 to 7-12. 
of stable nuclei (T), 8-6 to 8-17 |. 
Mass reactance and sound absorption, 3-45 
Mass surplus of mountains (f), 2-93 . 
Mass transport velocity, 3-29 
Material coordinate transforms, 3-36 to 
3-37 
Material coordinates and wave equation, af 
3-34 to 3-36 
Material derivatives in viscous fluids, 3-27 
Material particle, definition of, 3-27 
Mathematical tables, list of compilations 
of, 1-2 to 1-5 
Mathematics, aids to computation, 1-1 to 
1-5 
Matt surfaces, reflection seeticente for 
incandescent light on (T), 6-43 
Maximum-bubble-pressure method of sur- 
face tension measurement, 2-176 
Maximum permeability, definition of, 
5-214 
Maximum permissible concentration of 
radioisotopes in air and water (T), 
8-256 


Maximum permissible exposures to ioniz- _ 


ing radiations (T’s), 8-254 to 8-256 
Maximum permissible flux of normal beam 
of neutrons (T), 8-256. 
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Maximum spontaneous polarization of < 
_ ferroelectric. oryetals oh) ies to 
5-156 

Maxwell's equations, 8-204 

in various forms, 5-40 to 5-41 ; 

Mean acoustic pressure, definition of, 3-31 

Mean distance: from sun to planets (T),;. 
2-90. oe 

Mean energies, of sisetione: in aaveral ale 
stanges (f’s), 7-210 to 7-211 

_ of, ions, definition of, 7-204 to 7-205 

Mean free path, definition of, 3-17 

Meanrionic-activity coefficients, of elec- 
trolytes (T), 5-278 

of hydrochlorie acid (T),: 5-279 

Mean life, of ions in lower, mtmoEnnere 

. (T), 5-284» ae 
of mesons: and eae (T), 8-241 

Mechanical compliance, definition of, ae 

Mechanical computing devices, 1-1. 

Mechanical impedance,. definition of, 3-9 

vector, equation for, 3-138 |: 

Mechanical ohm, definition of, 3.9 g° Pee 
Mechanical properties, of gels, 2-81 to 9-82 
of thixotropie substances, 2-82 to 2-84 

Mechaiiical reactance, 3-9, '3-10 

Mechanical rectifiers, 5-260, 5-266 . 

Mechanical rectilineal quantities (T); 3-139 

Mechanical rectilineal resistance and acous- 
tic andlogy, 3-134,3-136 = — 

Mechanical rectilineal symbols (T), 3-139. 

Mechanical rectilineal systems, graphical | 
representation of (f’s), 3-136; 3-137 

of one ‘degree of freedom, 3-137 ‘to 3-138" 

Mechanical rectilineal units (T); 3-139 

Mechanical resistance, definition of, 3-10 © 

Mechanical resonance of piezoelectric erys- 
tals, 3-91 

Mechanical rotational quantities (Dd), 3-139 


Mechanical rotational resistarice and acous- 


‘tic analogy, 3-134, 3-136 


Mechanical-rotational symbols’ (YN), 3-139 


Mechanical rotational systems, graphical 
representation of (f’s), 3-136, 3-137 
of one degree of freedom, 3-137 to 3-138 | 
Mechanical rotational units. (T), 3-139. 
Mechanical schematic diagrams, and acous- 
“tical analogy, 3-140 


based on impedance atialogy (T), 3-145 : 


' to 3-176 


based on mobility analogy. (T), 3-144 to. . 


3-176 
Mechanical systems of one degree of. fese: 
dom, 3-137 to 3-138 . 
Mechanics, Newtonian concepts of, 2-2 ad 
Mel, definition of, 3-13, 3-129 
Melting parameters of various elements 
and compounds (T’s), 4-30 to 4-33. 
Melting point of sea water, 2-117 ae 
Melting temperature, definition of, 4-63 
Mercalli scale, 2-108 
Mercury, density of (T), 2-140 | 
viscosity of (T), 2-169. 


volume i in relation to pressure. and tem- = 


perature (T), 8-155. ©, 


res, 13 energy-level diagram of (f), 
-38 ° 
Photoelectric traces of spectrum (f), 
. Jn122 | 
pancioal spectral lines of (T), 7-119 to 
7-121: - 
Mercury-arc rectifiers, 5-263; 6-266 — 
Mesh in circuit theory, 5-80 z 
Mesons, characteristics of (T); 8-241 to. 
8-244 
definition and nomenclature of, 8-240 to 
8-241 
Mesosphere (f), 2-130: . 
Metal-organic liquids, Verdet constants — 
' for (T), 6-92 . 
Metallic conductors, properties of, 5-197 
to 5-205 
Metallic films, reflectance of light by (T), 
6-108 
Metallic rectifiers, 5-260 
Metals, absorption consvants of oe s), 
6-105 to 6-107 
adiabatic isothermal elestis constants. 
of (T), 3-83 . 
and attenuation due to heat flow (T), 
3-83 
- conductivity (electrical) soumulae for, 
5-96 
creep rates of (T), 2-89. to 2-90 
critical energy and: redigtion: length for 
(T), 8-39 
crystallization of, 3-75 ae 
Debye temperature for (T), 448° me 
densities of (T), 3-77 to 3-78 - 
diffusion. coefficients for (T's), 2-79 to - 
2-80 
diffusivities of (T), 4-74 ee 
elastic constants for > s), 2-61 to 2-80, 
3-80. 
electrical properties of pure (T), 5-204 
electronic constants for (T), 4-48: - 
fractional change in volume of (T), 4-28 
impedances of (T), 3-80 


index of refraction of (T’s), 6-105 to 6-107 


intergrain heat flow in (T), 3-83: 
magnetostrictive properties of (T), 3-99 | 
optical behavior of, 6-102 to 6-110 
optical constants of (T’s), 6-102 to 6-110 
reflection of light by (T), 6-109 to 6-110 
scattering factors for waves (T), 3-83 
skin-effect. quantities for (T), 5-90 
sputtered mass of, in hydrogen .(T), 5-185 
strength constants for (T), 2-61 to 2-80 © 
superconducting transition temperatures 
for (T), 6-205. . 
surface tension (T), 2-174 ae 
thermal conductivity of (T’s), ade £78 
at low temperatures, 4-77. 


total emissivity of, for unoxidized surfaces : 


(T), 6-75 
wave velocities in (T), 3-80 | 
Meteorological data, 2-124 to 2-135 
Meteorology, composition of dry air (T), 
2-125. 
dynamical relationships in, 2-130 to 2-132 
and geopotential (T), 2-125 to 2-126 | 
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Meteorology, physiéal constants in, 3-125". 
and radiation, 2-132 to 2-134 
symbols used in, 2-124 to 2-125 © 

Meter-candle, definition of, 6-4, 6-10 - 
Methanol, limiting edubyatent conductances 

- of ions in (T); 5-271. 

Methyl alcohol, county: of {(T), as140 to 

2-141. fea 
volume in i relation to pressure and patie 
perature (T), 2-156 

Meyer’s method of tensile een measure- 

ment,'2-170 . ; 

Mica, energy loss of protons in (1), eae: 

Microbar, definition of, 3-5: . 

Microhysteresis effect, 3-86 

Microwave frequencies, anal notation for | 

(T), 5-62 

Microwave spectra, 7-146 | 

Middle ear, dimensions of (T), 3 3-123 

Millibarn, definition: of, 8-3. 

Millilambert, definition of, 6-10 © 

Milliphot, definition of 6-10: : 

Minerals, index of remection of, biaxial ™, 

6-14 to'6-17 © 
uniaxial (T), 6-12:to- 6-13 
Minimum audible pressure on external < ear 
-(T),: 3-124 to 3-125 

Minimum audible sound, 3-125 =| 

Minimum deviation, definition of, 6-6 —. 

Minute, definition of, 2-14. 7 

Mirror :coatings,: optical constants of evapo- 

rated (T), 6-104: 

M<ks ‘units, electrical (T), 5-6 to 8-7 See 
and electrical formulas (T), 5+10:to 5-11 

Mobility, of defects for pure ionic con- 

ductors (T), 5-189: 


drift, of germanium and silicon (T), 5-159 


of electrons, 5-96, 5-157,.5-159 to 5-160 
Hall, of various substances (T), 5-161 . 
of ions in various substances (f 2 T212 to 
7-218 
Mobility: analogy, and. BeeuSions 3-140 to 
3-177 |. 
- definition. of, 8-140 
and ground, earth, aiid, sky, 3-141 
schematic diagram: for, 3-142 to 3-143. 
. symbols for: constructing schematic dia-. 
‘gtarn based on (T), 3-144 to 3-176 
and wires, rods, and tubes, 3-140 to 3-141 
Mode count and acoustic energy, 3-54 — 
Mode of decay for light nuclei (f ’s) (T), 858 
to 8-86 
Moderators for reactors, 8-227 : 
Modern symbols for heavy radionuclides 
(T), 841; : 
Modulus of elasticity, volume, 2-10 
Mohorovicié discontinuity, 2-106, 2-108 
Molal heat content of solutes (T)', 5-280 
Molar heat avin aes 
at Cy (TY; 4-44 — 
of elements above room temperature (T), 
44210443 - | 
of elements at low temperature (T), 4-40 
to 4-41. 
Molar: volume constant. (T), 73 
Mole fraction of defects, 5-189 - 


Molecular refractién,: definition of, 6-6: °°). 
Molecular refractivity,: definition of, 6-7. 
Molecular rotatory: power, definition of; 6-7 
Molecular susceptibilities of peramnenene 
materials (T),:8-241: to 5-243 | 
Molecules, constants ob diatomic (D)s 7-136 
to %li4l 
polyatomie,: W145 to 7-161 - as 
- energy levels of diatomic: 3), 7-142 ¢ fo. 
7-144 
Moment, of forcé, definition of, 2-6 ia > 7 
of inertia, 2-8 =.:. 
and acoustic analogy, 3-135 | a 
for various. bodies (TF), 2-38 to. 2-39... 
of momentum, definition of; 2-6, a7" 
of fluid elements, 3-41. °° 
Momentum, ‘conservation of, 25, 7 
definition of, 2-4 : 
Momentum equations for gas. flow, Q214, 
2-220 


| Monatomic gases and. shock waves: @D 


Monatomie’ ions, standard entropy. of: @, 
§-281 ; ie 

Monaural listening, minimum audible pres: 

sure (T), 3-125... © 

Monoclinic seryeest even & (7), 2-45 to- 

- 2-47 . 

Moon, ‘operas bina tress of (1), 6-78 
miscellaneous constants for (T); 2-91 
physical data for (T),:2-91.0 fs fe 

Moon-camera method of earth. measure- ji 

‘ment, 2-96, 2-97 . oe oe 

Maen photography, 2-97 es 

Morse potential and wave. nce hwiies 9-168 

Motor-circuit protection, 5-256 bg badcen 

Motor controllers, 5-256. .. -.. rat 

Motor generator,:5-260 

Motor protection,..6-256: te 5-257. 

Motors (see Electric motors): . 

Moving axes, 2-9: 4 ing 


MTR reactors, 8-227 ed 


Multilayer interference filters, 6-46 | to 6-47 
Multiplet intensities, 7-26 . +e 
Multiplet spectrum,,. définition, of, 1-16 - 
Multiplets, J values for (T), 7-19 to 7-20 
Multiplicities for varying valence RLSeerous 
(T), 7-18 
Multipole, potential of, 5-21 
Multipole formulas, 6-21. — 
Music, definition of, 3-14 ; 
Musical interval, definition of, 3-107. 
equally tempered (T), 3-14 e 
for various frequency ratios (T), 3-106, 
_ i: . $-107 
Musical scales, 3-106 to 3-107 
equal-tempered frequencies (T);. 3-105 : 
Mutual inductance for various statié Beles: 
 §428 to 5-31. _ 
Mutual inductance standards, 5-1 10: on 
§-112 


N 


N-terminal-pair networks, 5-81 to. 5-82. - 
Narrow-band interference saa aiaads to i 
6-50 ms io 
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Narrow-band radiation, 6-64 — 

National Board of Fire Underwriters, 5-245 

National Bureau of Standards glass index: of 

refraction (T), 6-32’ 

National Electrical Code, 5-245 

National Fire Protection Association, 5-245 

Natural electrical currents, 5-289: 

Natural frequency, definition of, 3-10 

Natural light sources, epprominate bright- 

ness of (T), 6-78 
Navier-Stokes. equations, 3-29 | 
Neel point, of antiferromagnetic materials 
(T), 5-227 to 5-228 - 
of various substances .(T), 5-226 

NEMA standards, 5-245 to 5-246: 

Neon, electron energy. losses in (f), 5-181 
energy levels of (f) (T), 8-80 to 8-86 
virial coefficients for (T); 4-120: 

Neon I, photoelectric traces of (f), 7-54 to 

7-58 
principal spectral lines of (T), T-45 to 7-53 
Neon-argon mixtures, ionization per volt i in 
(f),. 5-170 

Neper, definition of, 3-5 

Nernst coefficient, 5-99 

Nernst effect, 5-4, 5-99 

Network theorems, 5-81 

Networks and circuit theory, 5-80 to 5-85 

Neutral atoms, persistent spectral lines of | 

(T), 7-39 to 7-41 

Neutral hyperons, .8-246 : 

Neutrino, 8-3 

Neutron binding energies (T), 8-135 to 8-143 
definition of, 8-130. 

Neittron capture and gamma rays s(T), 8-94 

to 8-96 
Neutron cross spetione: total, (ors various ele- 
ments (f’s), 8-131 to:8-134 | 
types of, 8-130, 8-143 to 8-144, 8-169. 

Neutron diffraction in antiferromagnetic 

materials (T), 5-227 to §-228 

Neutron fission and fission product eve 

(T), 8-202 to 8-211 

Neutron flux in reactors, 8-227 

Neutron-induced fission, 8-212 

Neutron levels (T), 8-19 » 

Neutron numbers of stable nuclei a ; 8-6 to 

8-17 

Neutron optics, 8-144 

Neutrons, 8-129 to 8-171 
atomic mass of, 8-4 
attenuation of, in concrete and water (f), 

8-169 
Compton wavelength ae 8-4 
fast-neutron fission yields from (Uses (T), 
8-218 
maximum permissible exposure to (T's), 
8-254, 8-255 
permissible flux for Se es beam of (T), 
8-256 
properties of, 8-129 
rest mass of, 8-4 
symbols for, 8-3 
velocity of thermal, 8-4 
New candle, definition of, 6-3, 6-9 
Newton, definition of, 2-15, 5-2 
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Newtonian mechanics, 2-2 | 
of particles, 2-3 to 2-6 . 
Newton’s laws, of fluid ariotion Oo, sical 
of motion, 2-4 to 2-5 
application of, 2-7 pe tees 
Nickel, elastic and strength constants for. 
2-75 t6 2-76 | 
Nickel alloys, density of (T), 2-30 
elastic and strength Copsrants ead (T), 
2-75 to 2-76 
Hall constants of (T), 5-237 to 5-239 - 
saturation magnetization and Curie 
points of (T), 5-210 - one 
Nitric acid, isothermal compressibility (T), 
2-162 
Nitric oxide, atheioney of electron attach- 
ment in (f), 5-172 
Nitrogen, GOI Dr eee DEILy factor for cae 
4-103 
energy levels of (f) (T), 8-69 to 8-74, 8-76 
to 8-79 
enthalpy of (T), 4-106 
entropy of (T), 4-107 
relative density of (T), 4-104 
in sea water, 2-120 
specific. heat of (T), 4-105 
thermodynamic conversion factors: for 
(T), 4-81 . , 
virial coefficients for (T), 4-125, 4-126 
Nitrogen I, energy-level diagram of (f), 7-29 
Nitrogen-vapor mixtures, relative dielectric 
strengths of (T), 5-148. to 5-149 
Nitrous oxide, efficiency of electron attach- 
ment in. (f), 5-175, 56-176 
Noctilucent clouds .(f), 2-130 
Nodal points, definition of, 6-6 
Node, in circuit. theory, 5-80 
definition of, 3-5... 
Noise, definition ‘of, 3-5 
differential threshold for atest (T), 
8-126 
in thermal radiation detectors (TD), 6-114 
Noise control, definition of, 3-17 . 
Noise equivalent power of cetenter, gant 
tion of, 6-119 
Noise-insulation factor, 3-120 ; 
Noise level, in rooms, 3-119: to 3-122 
recommended for rooms (T), 3-122 
Noise-reduction coefficient, 3-114 
Noise spectrum, 3-55 
Nonaqueous solutions, diffusion coefficients 
for (T), 2-195 
Noncubic crystals, thermal conductivity of 
(T), 473 ; 
Nondegenerate states in wave mechanics, 
7-166 tae 4 
Nonelectrolytes, diffusion coefficients st 
(T), 2-192 
Noninertial dynamics, 2-5 
Nonmetallic conductors, properties of, 5-166 
to §-197 
Nonmetals, Debye foniperatvines for (T), 
4-47 
Nonpronngatiie fields, 5-58 
Nonrelativistic conversion formulas for 
neutron, 8-129 is 
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' Nonstationary cavities, 2-188 to 2-189 
Normal cathode fall for various metals 
(T’s), 5-184 
Normal density of gases, standard eons 
tions for, 2-197 
Normal hysteresis, definition. of, 6-214 
Normal incidence of shock waves, 2-233, 
2-234 
Normal mode of vibration, demuitien of, 
3-10 
Normal spectral emissivities of various 
substances (T), 6-72 
Normal state of diatomic molecules (T), 
7-136 to 7-141 
Normal threshold of audibility, definition 
of, 3-14 
Nuclear constants, definitions and sym- 
bols, 8-3 to 8-4 
Nuclear cross section, definition of, 8-3 
Nuclear definitions, 8-2 
Nuclear level order (T), 8-19: 
Nuclear magneton (T), 7-3, 8-4 
Nuclear particles, list of (T), 8-3 
Nuclear photodisintegration, 8-90 to 8-91 
Nuclear physics, general constants for, 8-3 
to 8-4 
Nuclear reaction, definitions and sym- 
bolism of, 8-2 to 8-3 
Nuclear reactors, catalog of (T), 8-228 to 
8-239 
classification of (T), 8-227 
components of, 8-227 © 
foreign programs for, 8-240 
Nuclear resonance scattering of photons, 
8-91 
Nuclear spin, definition of, 8-5 
Nuclear stability rules, 8-21 to 8-22 
Nuclei, energy levels of light (fs) (T), 
8-56, 8-58 to 8-86 
properties of stable (T), 8-6 to 8-17 
resonance parameters of (T’s), 8-145 to 
8-153 
shell structures of stable, 8-5 
Nucleon, definition of, 8-2 
Nuclides, decay types (T), 8-98 to 8-128 
definition of, 8-2 
fission-product chains for (T), 8-202 to 
8-211 
gamma energies of (T), 8-98 to 8-128 
half lives of (T’s), 8-98 to 8-128, 8-202 
to 8-211 
list of special (ft), 8-3 
particle energies of (T), 8-98 to 8-128 
thermal-neutron fission yields (T), 8-212 
to 8-215 
Nusselt number, 2-228 


O 


Oblate spheroid, magnetic induction of 
coil about, 5-27 

Oblique incidence of shock waves, 2-234, 
2-235 

Obliquity of the ecliptic (T), 2-91 

Ocarina, 3-103 


Ocean tides, constituents of (T), 2-123, 
2-124 : 
Ocean waves, types of, 2-122 to 2. 123 
Oceanie platform, 2-115 es 
Oceanographic data, 2-115 to 2-123 
Occultation :method of earth measure-. . 
ment, 2-96, 2-97 ms 
Octave, definition of, 3-15 
Odd multiplicities, g values in L-S cou: 
pling (T), 7-172 to 7-173 
Odd-nucleon alpha emitters, 8-47, 8-53 to 
8-54, 8-56 
deeay schemes of (f), 8-54 
Ohm, absolute, definition of, 5-105 
acoustic, 3-8 
definition of, 5-7, 5-107 
international vs absolute (T), 5-106 
Ohm’s law, 5-3 
Oils, specific gravity (T), 2-150 | 
specification for aircraft (T), 2-168: 
viscosities of, Bureau of Standards (T), 
2-167 
industrial, 2-168 
Olivine-gabbro, 2-108 
One-center problem and wave mechanics, | 
7-164 
One-dimensional gas flow, 2-216 to 2-217 
One-dimensional rotation and wave 
mechanics, 7-163 
One-terminal-pair networks (f’s), 5-82 to 
5-83 
Open-circuit voltage for ceramics (T), 3-95 
Open-shell nuclear model, 8-18 
Open-stub impedance matching, 5-51 
Optical constants, of evaporated mirror 
coatings (T), 6-104 
of metals (T’s), 6-102 to 6-110 
Optical definitions, 6-2 to 6-8 __ 
Optical densities converted to per cent 
transmission (T), 6-39 
Optical energy gap, definition of, 5-157 
Optical glass, index of refraction of, vs 
dispersion (f), 6-33 
Optical materials, absorption and trans- 
mission of (T’s), 6-38 to 6-39 
_ index of refraction of (T), 6-23 to 6-30 | 
properties of, 6-39 to 6-40 = 
thermal conductivity of (T), 4-76 
Optical plastics, index of refraction of (T), 
6-19 
reciprocal dispersive power of (T), 6-19 
Optical pyrometers, 6-64 ; 
Optical pyrometry, 6-64 
Optical standards, 6-8 to 6-9 
Optics, definitions, standards, and units of, 
6-2 to 6-10 
Optimum reverberation time, défuition of, 
3-118 
for different rooms (f), 3-118 
vs frequency (f), 3-119 
Ordinates, selected, for standard sources 
Gllumination) (T), 6-59 
Organ pipes, 3-102 to 3-103 
Organic aqueous solutions, surface tension 
of (T), 2-175 
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Organic Géompounds, critical: temperatures, 
pressures, and COU StEIES: of (T), 4-22 
to, 4-23 | 

diffusion Conticiente of (T), 2-193 

Organic gases, densities of (T), 2-200 

Organic liquids, adiabatic compressibilities 
of (T), 2-163, 2-164 °° 

densities of (T), 2-147 a 

dielectric constants of (T), 5-134 to » 5-142 

isothermal compressibilities of (T), 
2-163, 2-164. . 

sound absorption constants of (T),.3-73 

velocity of sound in. (T), 3-71 to 3-73 

Verdet constants for. (T), 6-94 oo 

viscosity of, 2-169 

Organic materials, thermal conductivity 
of (T), 4-71 

Organic solids, dielectric constants of (T);, 
§-118 .; 4 

Organie, substances, fluorescence of (T), 
°6-111.. .. 

O:thorhombie ceyatal systems ae (T), 
2-45 to 2-47 . 

Overtone, definition of, 8-15. : 

Oxides, spectral emissivity of (T), 6-74 

Oxygen, compressibility factor for (T), 

- 4-108 | 

electron attachment coofficients for (f), 
§-172 

energy levels of (f) (T), 8-72, 8-73, 8-75 
to 8-83 

enthalpy of (T), 4-111 

entropy of.(T), 4-112 . 

relative density of (T), 4-109 

in sea water, 2-120 

specific heat of (T), 4-110 

temperature variation of, recombination 
coefficient (f), 5-178 

thermodynamic conversion factors for 
(T), 4-81 — . 

virial coefficients for (T), 4-126 

Oxygen I, energy-level diagram of @, 7-30 
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Pain due to sound, 3-14 

Pair production. and gammiéi rays (f), 8-89 
to 8-90 

Palladium alloys, elastic’ ‘and strength con- 
stants for (T), 2-62 to 2-63 

Parallel-bar transmission lines, | constants 
for (T), 5-48 to 5-49 

Parallel connections, definition of, 5-4 ' 

Parallel tubes, self-inductance of, 5-29 

Parallel-wire trarismission lines, constants 
for (T), 5-48 to 5-49 | 

Parallel wires, self-inductance of, 5-29 

Paramagnetic bodies, definition of, 5-4 

Paramagnetic materials, Bohr magneton 
numbers of (T), 5-241 to 5-243 

Curie points of (T), 5-241 to 5-243 
molecular susceptibilities of (T), 5-241 
to §-243 

Paramagnetic resonance, 4-16, 7-171 Ae 

Paramagnetié salts, properties of (T), 4 4-14 
to 4-20 . 


Paramagnetic salts, and spin resonance, 
§-103 ol 
Paramagnetism, 5-100 
Parity, in atomic energy levels, 7-18. oe 
of stable nuclei (T), 8-6 to 8-17. 
Parity: rule of electron transitions, 7-21 
Partial, definition of, 3-15 © - 
Partial cross section of neutrons, definition 
of, 8-130 
Partial molal heat content of solutes (T), 
§-281 
Particle accelerators: types: of, 8-172 ie 
8-181 | ; 
world-wide list of (T's), 8-181 te 8-201 
Particle density in upper atmosphere (T), 
§-284 
Particle energy of nyclides (T), 8-98 to. 
8-128 
Particles, passage of, through matter, S43 
to 8-39 
range-energy relations for, 8-23 
Pascal’s law, 2-12 7 
Paschen-Back effect, 7-169 | 
Paschen curves for various gases (),. 5-17 9 
Paschen notation for spectral lines, 7-58 | 
Pauli exclusion principle, 7-20 
Peak speech power, definition of, 313 
Peltier coefficient, 5-98 
Pentane candle, definition of, 6-10. . 
Per cent conductivity, definition of, 5-197 
Per cent transmission converted to ‘optical 
density (T), 6-39. . 
Period, of seismic waves, 2-102 to 2-103. 
of vibration of strings, 3-102 | . 
Periodic system of the elements (T), 1-8 
Permanent magnets, definition of, 5-5, 
§-35 to 6-36. 
demagnetization curves of (f), 5-218 . 
materials for, 5-214, 5-218 
properties of, 5-214, 5 218 
properties of materials for (T), 5-214, | 
 §-219 
Permanent-split-capacitor motors, 5-249 
Permanent strain, 2-86 
Permeability, definition of, 2-179, 5-2. 
of high-permeability materials (T), 5-216 
relative, of metals and alloys (T), 5-90 
of various materials (T), 2-180 
Permeability tensor, 5-64 
Permeable bodies, energy in magnetic 
fields, 5-33 to 5-34 
Permissible body burdens of i ionizing ra- 
diation, 8-252 
Persistent spectral lines of. elements (T), 
— -§-89 to 7-41 ‘ 
Perturbation method in wave mechanics, 
7-165 to 7-166 
Perturbations of state, 3-32 
Phase constant, acoustic, 3-9 | 
Phase diagrams, of various substances 
(fs), 4-35 to 4-38 mar 
of water (f), 4-35 . 
Phase stability principle and electron syn- 
chrotron, 8-176 
Phase transition data for elements and 
compounds (T), 4-130 to 4-159 - 
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Phase velocity of waves, 5-51, 5-58 
Phon, definition of, 3- 13 
Phonon, 3-55 Me os 
Phosphors, phates caring of various 
cathode-ray-tube (T), 6-1 13" 
Phot,: definition of, 6-4,.6-10 
Photoconductivity, definition of, 5-5: | 
_ Photoeonductor cell as radiation detector 
(T), 6-114. 
Photodisintegration, in “Al, ‘Ag, and Br, 
8-91 
nuclear, 8-90 ta 8:91 
Photoelectric cell‘ as radiation detector | 
. (T), 6114 
Photoelectric effect, 5-5;'8-87 to 8-88 
Photoelectric traces of spectrum micro-_ 
wave discharges, 7-54 to ‘T-122 
for Argon I (f), 7-63 to 7-66 
for Iron I (f), 7-103 to 7-118 
for Krypton I (f), 7-71 to 7-74. 
for Mercury I (f), 7-119 to 7-122 
for Neon I (f), 7-54 to 7-58 | 
for Xenon I (f), 7-80 to 7-87 
Photofission yields (T), 8-222 to 8-224 
Photographic color index of stellar spec- 
tral classes (T), 6-80 
Photographic density, definition of, 6-6 
Photographic magnitude of stars, 6-80 
Photometric quantities, 6-9 
Photometric standards, 6-9, 6-52 
Photometric units, 6-9 to 6-10 
Photon scattering, 8-89, 8-91 to 8-92 - 
Photons, elastic scattering of (f), 8-92 
Photopic luminosity, 6-50, 6-52. . 
Photopic luminosity data (T), 6-51 
wavelengths for selected ordinates (T), | 
6-53 
Photoreceivers and brightness of stars (T), 
- 6-87 | 
Photosurface (84) color index of stellar 
spectral classes (T), 6-80 . 
Phototubes, spectral sensitivities of (f’s), . 
6-116 to 6-117... 
Photovoltaic cell as radiation detector (T), 
6-114 . . 
Physical constants i in. ‘eetecnelows. 2-125 
Piezoelectric constant, of prceoclectric . 
crystals (T), 3-93 
of transducer: materials (f), 3-97 . 
Piezoelectric crystals, equivalent circuit 
of (f), 3+90, 3-92 
properties of (T), 3-89 to 3-93 
and transducers,.3-89 to 3-92. 
Piezoelectric effect; definition of, 5-5 __ 
Piezoelectric strain constants (T), 5-150 
to 6-151 
temperature. coefiicienta for (T),. 5-153 
temperature dependence of (T), 5-152 
Pigments, dry, infrared reflecting faetors of 
(T), 6-41 
Piles (see Nuclear reactors) 
Pinna, dimensions of (T), 3-123. - 
Pions, 8-242 
Pipe gas flow, 2-222 - 
and heat Neateior. 2 2-229 ve 2-230 


Piston, acoustic radiation resistance of 
(T), 3-110 
directional radiation from, 3-111 es 
Piston sound source, beam angle of radia- — 
tion for (f), 3-111, 3-112. 
directivity index of (f), 3-112 
Pitch, definition of, 3-13 
and frequency (T), 3-129 
and hearing, 3-129 
standard, definition of, 3-15 
Planck function, 6-64 — | 
Planck’s constant (T), 7-3 
Planck’s radiation formula, 6-6. 
Plane jet, laminar flow in, 2-197 


_ Plane sheet, skin-effect formulas fcr, 5-94 to 


§-95° 
Plane solid, skin-effect formulas for, 5-85,: 
5-90 
Plane wave, definition of, 3-5 
Plane wave functions, 5-45 . 
Planetary orbits:(T), 2-90 . 
Planets, physical and orbital data for (T), 
2-90, 2-91 
Plasma conductivity, 7-204 
Plasma oscillations, 5-74 to 5-75 
Plastic strain, 2-86, 2-87 
Plasticizers, viscosity (T), 2-169 ee 
Plastics, density of (T), 2-34 to 2-35, 3-7 Tt to 
3-78 © 
- dielectric properties of (1), B-124 to - 
5-130 : 
elastic constants of (T), 3-80 © 
impedances of (T), 3-86 
index of refraction of (T), 6-19.to 6-20. 
wave velocities of (T), 3-80: — 
Platinum, emf of platinum-platinum-rho- 
dium thermocouples (T), 4-10 
various thermal emf’s relative to ES). 
4-6 to 4-9 — 
Platinum alloys, elastic and strength con- | 
stants for (T), 2-62 to 2-63 — 
Plutonium production reactors, 8-227 
Plutonium-239, fast-neutron fission vields of 
(T), 8-217 
Pneumatic radiation detector, character- 
istics of (T), 6-114, 6-118 
Pockels effect, 6-94 to 6-97. 
for various crystals (T), 6-97 
Point charge, potential of, 5-21 
Point orifice, jet streamlines for f), 2-196 
Poise, definition of, 2-207, 2-165 — 
Poisson’s ratio, definition of, 2-10 
for glasses (T), 3-80 i 
for plastics (T), 3-80 ‘ 
and ratio of longitudinal to transverse 
waves (T), 2-102 
of various metals and alloys (T), 2-62 to 
2-77, 3-80 . 
Polar magnetic field strength of 35 stars (T) : 
5-296 
Polarization of gamma rays, 8-93. 
Polarization interference filters, 6-48 
Polarization rules for pie tnle-aipele: transi- 
tion (T), 7-168 —— _ 
Polarization vectors, 5-39 to: 5-40 
Polarized light, definition of, 6-6 
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Polarizers, sheet, properties of, 6-44 
spectral transmittance of (T), 6-44 

Polarizing filters, 6-44 — 

Polished .surfaces, reflection eoeficionta for 
incandescent light on (T), 6-43 

Polyatomic ions, standard entropy of (T), 
§-282 

Polyatomic molecules, constants of, 7-145 to 
7-161 

Polyerystalline Medians; coefficients of | 
linear thermal expansion of (T), 4-51 to 
4-53 

Polycrystalline materials, saturation mag- 
netostriction of (T), 5-223, 5-224 

Polyerystalline solids, elastic and strength 
constants of (T), 2-61 to 2-80 | 

Polycyclohexyl methacrylate, index of 
refraction of (T), 6-20 

Polymethyl methacrylate, index of refrac- 
tion of (T), 6-20 

Polyphase motors, a-c induction, 5-247 

induction, control and prosepnen? of, 6-254 
to §-255 
synchronous, §-256 
Polyphase transformers, 5-260 


- Polystyrene, index of refraction of hy 6-20 


Porosity, definition of, 2-179 
symbols for, 2-179 
of various materials (T), 2-180 
Porous media, fluid flow properties, 2-179 to 
2-180 
Positive-ion accelerators, 8-173 to 8-174 
Positron, symbols for, 8-3 : 
Potassium. bromide, absorption coefficients 
of (T), 6-37 
index of refraction of (T), 6-27 to 6-29 
Potassium chloride, differential diffusion 
coefficients of (T), 5-272 
Potential (electric), definition of, 5-3 
Potential curves, 7-142 to a 
of Co, 7-142 
of CN, 7-143 
of CO,. 7-143 
of Ne, 7-144 
of NO, 7-144 
of Oo, 7-145 
Potential energy, definition of, 2-6 
of diatomic molecules, 7-136 | 
Potential function, Lennard-Jones, defini- . 
tion and constants for various gases 
(T), 4-129 — 
Poundal, definition of, 2-15 
Power, available from prezoelectnc eryetal: 
3-91 
definition of, 3-5, 3-7 
electric, 3-3 
sound, 3-7 
Power band, definition of, 3-5 
Power-conversion efficiency of piezoelectric 
crystal, 3-91 
Power levels, acoustic, 3-5, 3-7 
Power-line capacity and motor selection, 
§-252 
Power reactors, 8-227 . 
Power spectrum of thermal noise, 8-55 
Power spectrum level, 3-5. 


Power supply and electric motor selection, 
5-250 | 
Poynting vector, 5-42, 5-68 
Poynting’s theorem in differential and inte- 
gral forms, 5-43 
Practical range of electrons in matter, defi- 
nition of, 8-38 . 
Prandt]-Glauert rule in gas iow: 2-219 
Prandtl numbers, for air (T), 2+222 
and gas flow, 2-221 
for hydrogen (T), 2-223 
for sea water (T), 2-122 
and sound absorption, 3-45 
Precedence effect in hearing, 3-129 .. 
Precession, of earth, 2-97 
of equinoxes (T), 2-91 
Precipitation. electricity, 5-287 to 5-289 
Precipitation particles, electric charge on 
(T), 5-287 . 
Pressure, atmospheric, 3-57 
critical, of elements and compounds (T), 
4-21 to 4-23 ; 
definition of, 3-3, 3-4 
in earth, 2-108 = 
effect of, on Curie point. for various sub- 
stances (T), 5-220 . 
on electrical conductivity (T), 5-190, 
6-195 | . 
effective (acoustical), 3-3 
excess (acoustic), 3-4 
instantaneous, 3-4 — 
sound, 3-3, 3-4 
static, 3-57 
Pressure coefficient in liquids, 2-151 
Pressure-density relation for adiabatic gas, 
3-35 
Pressure effect and thermal conductivity of 
liquids (T), 4-75 
Pressure level, definition of, 3-7 
Pressure spectrum level, definition of, 3-5 
Pressure-volume-temperature relationships 
of gases, 4-118 to 4-129 
Pressure-volume-temperature tables for 
liquids (T’s), 2-152 to 2-161 
Pressures, critical, for inorganic and organic 
substances (T), 4-21 to 4-23 © 
in viscous fluids, 3-28 
Primary wavelength standard, definition of, 
6-9, 7-43 
Principal alpha groups, 8-46 to 8-47 
Principal axes, 2-8 
Principal focus, definition of, 6-6 
Principal waves, 5-47 
Principles (see Laws and principles) 
Probability of ion formation for several sub- 
stances (f’s), 7-184 to 7-185 
Probe-tube microphone, 3-125 
Prolate spheroid, magnetic induction of coil 
about, 5-27 
Propagation of sound through gases, 3-61 to 
3-62 
Propagation constant in sound, 3-9, 3-46 
Protection of electric motors, 5-254 to 
§-257 
Proton acceleration, 8-172 to 8-179 
in cyclotrons, 8-173 to 8-175 
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Proton acceleration, in electrostatic: pocer 


ators, 8-172 to 8-173 
in linear accelerators, 8-179. 
in synchrocyelotrons, 8-174 to 8-175 
in synchrotrons, 8-177 to 8-178. 
Proton energy loss, e260 to $3) 
in air (f), 8-26 . 
in aluminum (f) (T), 8-28, 835° 
in beryllium (T), 8-35: 
in copper (T’s), 8-24 to 8-25, 8-35 
in gold (T), 8-35 
in lead (T); 8-33 to 8-34 
in mica (T), 8-35 tn * 
in silver (T), 8-30 to 8-34 — 
Proton levels (T), 8-19 
Proton ranges, 8-24 to 8-34 | 2 
in air (f), 8-27 Poe So, 
in: aluminum (f),' 8-29, 8-31 
in copper:(T), 8-24 to 8-25. - 
in Ilford.C-2 emulsion (f), 8-32) 
in lead (‘F), 8-33 to 8-34 
in silver (T), 8-30 to 8-31 | 
Proton straggling in various metals (T) , 
8-36 
Proton synchrotron, description of, 8-177. tio 
8-188 
world-wide list of (T), 8-198 to 8-199 
Protons, Compton wavelength ‘of, 8-4 
magnetic moment.of, 8-4 
maximum permissible exposure: to (T's), 
8-254, 8-255 
range-energy relation in Ilford C-2 emul- 
sion (f), 8-32 |. 
range straggling in copper. (ts), 8-37 
rest mass of, 8-4; 
and spiti resonance, 5-103 
symbols for, 8-3 
various constants concerning (T), 7-3 
Proximity effect, definition of, 5-5 
Pseudo-adiabatic lapse ratio (T), 2-127 
Pulsating sphere, acoustic impedance of, 
3-108 to 3-109 
specific acoustic resistance (f), 3-109 
Pulsed fields, beneiraton into conductor (f) ; 
. §-94 
Pure tone, 3-15 
Pycnometer, 2-136 
Pyrite, extinction coefficients (T), 6-38 -_ 
index of refraction of: (T),: 6-26: to 6+27: 
Pyroelectric constants, ' ‘temperature varia- 
tion of (T), 5-154 
of various substances (T), 5-153 
Pyroelectric effect, definition of, 5-5 
Pyrometers, 6-64 
Pyrometry; optical, 6-64 


Q 


Quadripole moment of puclet definition of, 
8-5 

Quantum energy conversion factors, 8-4 

Quantum numbers, definition of, 7-16 to 
7-18 

limits: of, 7-18 

Quantum radiation detectors, character- 

istics of (f) (T), 6-114, 6-115 


Quartz, absorption’ coefficients of ('T);:6-37 

index of refraction of, crystalline ee ae 
. to 6-25 
at various teniperatives (D, 6-34 

optical properties of, 6-40 - 
thermal conductivity of fused (T),: “7 4 
Young’s modulus for (T), 2-103. 

Quartz glass, index of pelraerion of (T), 6-31 

untonary fission, 8-212 


OR 


Rad, definition: ‘of, 8-250 “ 
Radial mode in transducer materials, 398 
Radial wave wunobions and wave mechanics, 
7-165 + 
Radian, definition of, 214 
Radiation, black-body, functions for (7), 
6-64, 6-65 
total (T), 6-66 to‘ 6-67 | 
maximum permissible exposure ‘to ioniz- 
ing (T’s), 8-254 to 8-256 
in meterology, 2-132 to 2-134 — 
narrow-band, 6-64 
reflection coefficients for visible mono- 
‘ chromatic {T), 6-42 — 
of sound, 3-108 to 3-112 
diréctional, 3-110 to eae 
stellar, 6-80 
Radiation coefficient,. ‘3-50 
Radiation constants (T), 7-3 


- Radiation: detection, 6-114 to 6-119 


Radiation detectors, characteristics of, 
6-114 to 6-119 
quantum (f) (T), 6-114, 6-115 - 
Radiation exposure, maximum permissible, 
to ionizing radiation (T” s), 8-254 to" 
8-256 
Radiation field of current’ distribution, (5-68 
Radiation formula, Planck's, 6-6. 
Radiation impedance characteristics, 3-110 
Radiation intensity, definition of, 6-6 
Radiation length for - various substances (T), 
8-39 
Radiation pressure in sound, 3-43 
Radiation resistance, acoustic, of sphere and 
piston (T), 3-110 | 
Radiation vector, 5-74_ ia 
Radiative attachment of electrons, 7-182. 
Radiative recombination coefficients (T), 
5-171 
Radio astronomy, 6-120 to 6-123__ 
measurements in, 6-120 to 6-121 | 
spectra in (f), 6-121. 
Radio-frequency cables, §-52 
standard, attenuation of (f), 5 si7 
list of (T), 5-53 to 5-56 | 
Radio luminosity in radio astronomy, defi- 
nition of, 6-121 . 
Radio magnitude in radio astronomy, defi- 
nition of, 6-121 : 
Radio noise, galactic, 6-122 
Radioactive decay of neutrons, 8-129 
Radioactive isotopes; data ¢ on poe 8-96 to - 
8-128 
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Radioetive materials, shipping regulations 
‘for, 8-257, 

Radioactive nuclides, decay-energy cycles 
for the 4n through 4n + 3 series. (f’s), 
8-42 to 8-45. 

Radioisotope data (T), 8-98 to 8-128 

Baloo per concentration in air and 

water (T), 8-253, 8-256 

Radionietry, 6-64 to 8-82. 

Radionuclides, classical and modern desio= 
nation of (T), 8-41 

Radius, of curvature from spherometer 
readings, definition of, 6-7 | 

of ‘gyration, 2-9 — 
Range; of fission fragments, 8-36 
of protons, 8-27 to 8-31 
in air (f), 8-27. . 
in aluminum. (), 8-29, 8-31 
in copper (T), 8-24 to 8-25 — 
in Ilford C-2 emulsion (f), 8-32 | 
, in lead (T), 8533 to 8-34 
in silver (T), 8-80 to &31 
Range-energy relations, 8-23 to 8-39 
for alpha particles in Ilford C-2 emul- 
sion; (f),.8-32 / 
for deuterons i in Ilford co 2 emulsion (f), 
8-32 
for electrons in: aluminum (f), 8-39 
for heavy charged particles, 8-23 | 
for protons, in air (f), 8-27 
in aluminum. (f), 8-29, 8-31 | 
in Ilford. C-2 emulsion (f), 8-32 
for tritons in ford C-2 emulsion (f), | 
8-32 
Range straggling, of alpha Sapiicles’ in 
« copper (f’s), 8-37 | 
of deuterons i in copper (f’ 's), 8-37 
of protons in copper (f’s), 8-37 


Rankine-Hugoniot relation (f), 9-232, 2-234 


Rankine temperature, conversion equations 
cee for (T), 4-2 | me 
Rare’ alpha, groups, 8-47 
Rare gases, first Townsend ionization coef- 
ficients in (f), 5-169 
Rate of deformation tensor, 3-28 
Ratio of proton to electron mass, 8-4 
Rayl, definition of, 3-10 
Rayleigh scattering of photons, 8-91 
Rayleigh’ s laws in low magnetic fields, 
§-214 © 
Reaction ¢ross sections of elements (T’s), 
8-154 to 8-168, 8-170 to 8-171 
Reactors (see: Nuclear reactors) — 
Reciprocal -dispersive power and optical 
_ plastics (T), 6-19 
Reciprocity principle, 3-10 © 
Reciprocity theorem, ‘3-11 _ 
and absorption cross section, 5-71 to 
. &7Q> 
for network theory, 5-81 
Recombination coefficient, in air (f), 5-177, 
§-178 
temperature VEnEnOn. in oxygen (f),; 
5-178 
~ Recommended noise level for: different 
rooms (T), 3-122 


Rectangular conductors, resistance of (f), 
§-92 . 
Rectangular coordinates, 2-3 
base vectors for (f), 2-2, 2-3 
Rectangular prism, capacitance per unit 
_ length, 5-16 
Rectangular resonators, 5-65 to 5-66 
electric and magnetic fields in (f), 5-65 
Rectangular waveguides, 5-59 to 5-62 
coordinate system for (f), 5-59 
wave types for (T), 5-61 
Rectifier circuits (T), 56-264 to 5-265 
Rectifiers, 5-5, 5-263 to 5-266 
Rectilineal compliance and acoustic anal- 
ogy, 3-135 
Reduced mass of diatomic molecules m, 
7-136 to 7-141 
Reduction in area, metals and ‘doy (T), 
2-62 to 2-63, 2-66 to 2-72, 2-75 to 2-76 
in tensile testing, definition of, 2-69 
Reference ellipsoid in geodesy, 2-92 
Reference gases, dielectric constants of 
.(T), 5-147 
Reference intensity, 3-6 
Reference power, 3-7 © 
Reference sound pressure, 3-7 
References, in acoustics, 3-178 to 3-179 | 
in mathematics, 1-2 to 1-5 
Reflectance, by films of various metals” 
(T), 6-108. 
luminous, definition of, 6-52 
maximum luminous (T), 6-63. 
Reflecting factors, infrared, of dry pig- 
ments (T), 6-41 
Reflection, 6-41 to 6-43 
of earthquake waves, 2-104 to 2-106 
of light, by transparent medium, 6-7 
by various metals (T), 6-109 to 6-110 
of longitudinal and shear waves, 8-78 
of shock waves, 2-233 to 2-235 
total, definition of, 6-8 
Reflection coefficients, definition of, 6-7 
: for incandescent light on various sub- 
stances (T), 6-43 
for visible monochromatic radiation on 
various substances (T), 6-42 


Reflectivity, definition of, 6-7 


Reflectors, and beam formation, 5-73. 
used in various nuclear reactors (T), 
8-228 to. 8-239 
Refraction, of earthquake waves, 2-104 to 
2-106 
index of (see Index of refraction) 
of ocean waves, 2-123 
of shock waves, 2-233 to 2-235. — 
of sound in water, 3-68 
at a spherical surface, 6-7 
Refractive index (see Index of refraction) 
Refractivity, definition of, 6-7 
Refutas chart, 2-165 
Regular reflection of shock waves, 2-234 
Relative biological effectiveness of ionizing 
radiation, 8-250 
Relative capacitivity of semiconductors 
-(T), 6-132. 
(See also. Dielectric constants) 
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Relative density, of. air (0), 4-83. :' 
of argon (T), 4-88 
of carbon dioxide (1), 4-92 | 
of hydrogen (T), 4-96 ©. ~ 
of nitrogen (T),'4-104 
of oxygen (T), 4-109 
Relative dielectric etronesha, of gases .(D), 
§-148 to 5-149. — 
of nitrogen-vapor mixtures (T), 5-148 
to §&149: ©. 
Relative humidity vs. attenuation constant 
(f), 3-117 (Og 
. and energy: attenuation (f), 3-66 
Relative molal heat content of eoluibaw: 
(T), 5-281 
‘Relative photopic luminosity, definition 
of, 6-50 
Relative visibility, definition of, 6-9 
Relative volume, 2-137 
of elements (T), 4-29 | 
of gases: vs. ter nerataee. (T's), 426° 
of liquids vs. temperature (T's), 4-26, 
4-27 
of solids (T’s), 4-28, 4-29 _ 
Relaxation, attenuation of sound due to, 
3-79 
Relaxation frequencies in sound, 3-51 
Relaxation processes and sound absorp-— 
tion, 3-50 to 3-53 
Reluctance of magnetic circuit, definition 
of, 5-34 — 
Remanence of materials for permanent 
magnets (T), 5-219 
Repulsion motor, 5-250 
Repulsion-start motors, 5-249 
‘Research reactors (see Nuclear reactors) 
Residual induction, 5-214 
Resins, density’ (T), 2-34 to 2-35 
Resistance, ac/dc, for solid round ° wire © 
(T), 5-201 
acoustic, 3-9 
acoustic analogies to, 3-134 to 3-136 
of copper wire (T), 5-198 to 5-200 
high-frequency, of copper (f), 5-200 
of rectangular conductors (f), 5-92 
of thermal radiation detectors (T), 6-118 
Resistance standards, 5-107 . 
Resistivity, of earth, 5-290 to 5-291 
of earth materials (f), 5-290 . 
of elements and alloys at different tem- 
peratures (T), 4-13 
of high-permeability materials (T), 
§-216 
of metals and alloys (T’s), 5-90, 5-204 
volume, of ceramics (T), 5-120 to 5-121 
of glasses (T), 5-122 to 5-123 
Resolving power, definition of, 6-7 
Resonance, viscothermal, 3-48 
Resonance cross sections, 8- 143 to 8-144 
Resonance frequency, definition of, 3-10 
Resonance lines of atoms (T), 7-13 to 7-15 
Resonance parameters, of fissionable niucles 
(T), 8-153 a 
of heavy nuclei (T), 8-147 to 8-152 
of light nuclei (T), 8-145 to 8-146 


Resonance: potentials ot atoms (T), 7-13 to 
 Ja15 

Resonant cavities at. microwave frequen- 

cies, 5-65 to 5-68 » 

Resonators, frequency of oneal (T), 3-103 
rectangular and circular, 5-65 tp. a 
volume, 3-103 to 3-104 . one 

Response, relative, definition of, 3-11 

Rest mass, of electron, 8-4 7 
of neutron, 8-4 . 
of proton, 8-4 

Reverberant sound, definition of, $17 — 

Reverberation, definition of; 83-115. 
of sound in water, 3-68 ; 


-Reverberation. chamber, definition of, ! 8-17: 


ever bere uon time, definition of, 3-6, 3-117 
‘optimum, for different rooms (f), 3-118 
vs. frequency (f), 3-119. ots 
Reversible permeability of eintieeale for 
permanent magnets (T), 6-219 er 
Reyn, definition of, 2-165 aoe 
Reynolds number, and eee flow : 
data (T), 2-188 | oe 
definition of, 2-179 
vs. drag coefficient for cylinder and 
sphere (f), 2-226 
in flowing liquids, 2-183. 
vs. friction factor fOr rough pipes. o. : 
2-225. . 
‘and gas. flow, 2-221, 9-225, 2-226 
Rhes, definition of, 2-165 
Rhodium, emf of platinum vs Slatin: - 
rhodium thermocouples (T), 4+10°: 
Rhombic crystals, elastic constants and ie 
coefficients for (T), 2-58 
Richardson effect, definition of, 5-4 
Righi-Leduc coefficient, 5-98 
Righi-Leduc effect, 5-99 ; 
Rigid. bodies, dynamics of, 2-8 to 2-10. 
Rigidity, 2-10 
of earth layers, 2-108 |. 
Rigidity modulus, of gels, 2-82. 
of metals and alloys (T), 2-61, 2-64. to 
2-71, 2-74 to 2-76 
Ring sound source, beam angle of radiation 
-for-(f), 3-111, 3-112 ee 9 
directional radiation from, 3-111 to 3-1 12 
directivity index for (f), 3-112 | 
Rocks, elastic constants of (T), 3-102 
electrical conduction of, 5-290. to 5-291 
resistivities of (f), 5-290 
wave velocities in (T), 2-102 oe 
Rock materials, diffusivities of. (T),. 4-74 
Rockwell hardness number, definition of, 
2-69 
Rods, demagnetizing factors for (T), 5-244 
fundamental frequency of, 3-102 to 3-103 
Roentgen, definition of, 8-250 _ 
Roentgen equivalent man, definition of, 
- 8-250 
Roentgens per hour at 1 m from a I-ourie 
source (T), 8-257 
Rolling friction (f), 2-43 to. 2-44. 
coefficient of, 2-43 
Room constant renee ofinition of, he 
3-17 ae ae are 
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Rooms, acceptable noise level for, 3-122. 
recommended noise level for (T), B-122 
Rotary. converter, 5-262 a 

Rotating machines, 5-260. i 
Rotational compliance and acoustic anal | 
ogy, 3-136: . 
Rotational constants: of polyatomic dias 
cules.(T), 7-146; 7-152 to. 7-161 
Rotational motion, definition of, 2-8 —- 
Rough pipes and turbulent gas flow, 2-224 
Round wire, self-inductance of, 5-28,.5-29 
skin-effect formulas for, 5-90 to 5-91 
Rubber insulation and current capacity of: 
conductors (T), 6-202 to 5-203 
aera density of (T), 2-35. 


_ dielectric frequency of (T), 5-124 to 5-130 


dielectric properties of (T), 5-124 to 5-130 
Russell-Saunders coupling, 7-17 to 7-18 
and Zeeman effect, 7-168 
Rutile, index of refraction of (T), 6-23 to 
6-25 
optical apopetigs: of, 6-40 
Rydberg constants (T), 7-3 © 


Ss. 


S event in meson and hyperon decay, 8-241 
S rule of electron transitions, 7-25 — 
Sabin, definition of, 3-17, 3-113. 
Salinity of sea water. related to. vemmperature 
(f), 2-118 | 
Salt: solutions, index of refraction of (T), 
6-22: 
Salts, ionic. nanductivitye in, 5-185 to §-196 
Sand, porosity and permeability of (T), 
2-180. 
Sandstone, porosity aad permeability ois 
(T), 2-180 
Sapphire} index.of refraction of ee 6-23 to 
6-25 
optical properties of, 6-40 — =r 
Saturated air, virtual temperature of (T),- 
| 2-127 . 
Saturation, of jron-cobalt-nickél alloys O, 
i §-207. 
Saturation hysteresis M high-permeability 
- materials (T), 5-216 
Saturation induction, of high-permeability 
materials (T), 5-216 
of. manganese-copper-aluminum ailoye 
(f), 5-207 
Saturation magnetization, of binary com- 
pounds (T), 6-213. 
of cobalt alloys (T), 5-210. 
definition of, 5-206 
of ferrites (T), 5-211 
for ferromagnetic elements (T), se 
of iron alloys (T), 5-209 © 
of nickel alloys (T), 5-210 - 
Saturation magnetostriction of crystals and 
polycrystalline materials, §-222 to 
§-224 
Saybolt viscometer, calibrating oils for @, 
2-167 
Scalar potential, 5-43 to 5-44 
in fluid motion, 3-40 


Scale, definition of; 3-15 . 
equally ternpered, 3-14: 
Scattering, and: absorption.of em. waves, 
5-70 to 5-71 a 
attenuation of sound due: tae 3-79 
Coulomb, of charged: lear 8.36 
of photons, 8-89 . 
of sound in Waban 3-68 | 
Scattering Gross sections, 6-71 si 
of elements (T’s), 8-154 to‘8-168, 8-170 to. 
, 8-171, 
of neutrons, definition of, 8-130. = 
Scattering factors. for, waves in: metals. (T), 
3-83. 
Schematic didgeans and acai analo- 
gies, 3-142.to 3-143 
Schlichting formulas, 2-196 
Schottky defects, 5-185 
Scotopic lumens, 6-53. 
Scotopic luminosity, 6-52 to 6-53 


- Scotopic luminosity data (T), 6-51 


wavelengths for selected ordinates (T), 
6-53 

Scotopic luminous. reflectance, 6-53 _ 

Scotopic luminous transmittance, 6-53 

Sea level and earth’s crust (T), 2-115. 

Sea water, critical pressure for cavitation in 
(f),. 2-184 

gravity waves in, 2-122 to 2-123 

properties of (T), 2-116 to 2-122, 3-69. 

temperature-salinity diagram. for. (f), 
2-118 

Seasonal variation in ionosphere (8), 2-131 

Seats, absorption coefficients of (T), 3-116 

Second, definition of, 2-14 

Second-harmonic components of sound pres- 
sure, 3-38 

Second law of thermodynamics and viscous 
fluids, 3-29 

Second-order acoustic equations, 3-34 

in fluid motion, 3-40, 3-41 _ 

Secondary electron, emission,. ratio to inci- 
dent primary for several substances 
(fs), 7-203 

for various substances (f ’s), 7-192 to 7-198 

Secondary emission coefficient for electrons, 

‘7-192 

Secondary fixed temperature points (T), 4-5 

Secondary wavelength standards, definition 
of, 7-43 


z 


Secular change in earth’s magnetic field, 


§-293 
Seeback ‘effect, 5-5, 5-98 
Seeback emf, 5-98 ; 
Seismic waves (see. Earthquake euidasys 
Seismicity of earth, 2-110 to 2-112. 
Seismological data, 2-101 to 2-114 
symbols used in, 2-101 to 2-102 
Selection rules, for electric-dipole: transition 
(T), 7-168. 
for electron nditions 7-20 to 7-21, 7-25 
Selenium rectifier, 5-266 — 
Self-diffusion coefficients in gases (T), 2-2 13 
Self-inductance for various static Holes ee 
to. §-31 
Self-induetance: tandesté. 8-1 10 to 5-1 12 
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Semiconductors, 5-5, 6-157 to 5-165 
coefficients of linear expansion of (T), 4-63 
conductivity (electrical) formulas for, 

§-96 
and Faraday rotation (T), 5-235 
relative capacitivity of (T), 6-132 | 
thermal conductivity of (T), 4-76 

Semidegenerate case in wave mechanics, 
- [7-167 

Semitone, definition of, 3-15 

Sensitivities, spectral, of various phototubes 

(f’s), 6-116 to 6-117. . 
Sensitivity peak of fluorescent chemicals 
(T), 6-111 

Series connections, definition of, 5-5 

Series spectrum, definition of, 7-16 

Series universal motor, 5-250 
torque-speed curves for (f), 5-250. 

Series-wound motors, 6-246 

Shaded-pole motors, 5-249 
torque-speed curve for (f), 5-249 

Shallow water waves, 2-123 

Shear, definition of, 2-10 

Shear modulus, 2-10 
of gels (T), 2-83 _ 

Shear stiffness for ceramics (T), 3-95 

Shear strength, definition of, 2-69 
of metals and alloys (T), 2-64 to ae 

Shear waves, definition of, 3-6 
reflection of, 3-78 | 
scattering factors for, in metals (T), 3-83 

Shearing stress in. liquids, 2-165 

Sheet, self-inductance of, 6-31 

Sheet cavities, 2-183, 2-187 

Sheet polarizers, properties of, 6-44 
spectral transmittance of (T), 6-44 

Shell structure of stable nuclei, 8-5, 8-18 to 

8-19 

Shells of nucléons, 8-5 

Shielded-pair transmission lines, constants 

for, 5-48 to 5-49 ; 
Shielding of various nuclear reactors (T), 
8-228 to 8-239 

Shielding equations in health physics, & 8-251 
to 8-253 

Shipping regulations for radioactive 
materials, 8-257 

Shock waves, 2-231 to 2-236 
formation, 3-38 
and ideal gases (T), 2-232 to 2-233, 2-235 
reflection and refraction of, 3-233 to 2-236 
in steady-state, one-dimensional flow, 

2-232 to 2-233 4 
symbols for, 2-231 

Shoran measurements, 2-96 — 

Shot noise in radiation detectors, 6-115. 

Shunt-wound motors, 5-246 

Sidereal day (T), 2-2, 2-91 

Sidereal periods of planets (T), 2-90 

Sigma hyperons, 8-245 

Sigma pile, 8-227 . 

Silica, fused, eecrpeen coefficients for (T), 

6-37 
extinction coefficients for (T), 6-38 
index of refraction of (T), 6+26 to 6-27 
Silt, porosity and permeability of (T), 2-180 


Silver, energy loss and range of protons in 
(T), 8-30 to 8-31 
proton straggling in (T), 8-36 
Silver alloys, elastic and strength constants 
for (T), 2-62 to 2-63 
Silver chloride, index of refraction of (T), 
6-27 to 6-29 
Simple tone, definition of, 3-15 
Simple vibrators, frequencies of, 3-100 to 
3-107 
strings (T), 3-100 to 3-102 
Single body, capacitance of, 5-12 to 5-14 
Single-particle nuclear model, 8-18 
Single-phase a-c induction motor, 5-248 
Single-phase rectifier circuits (T), 5-264 to 
§-265 
Singly ionized atoms, persistent spectral 
lines of (T), 7-39 to 7-41 
Six-atom molecules, fundamental vibrations 
of (T), 7-151 
rotational constants and geometric 
parameters of, pp mmeen (T), 
7-161 
linear (T), 7-160 
spherical-top (T), 7-160 
symmetric-top (T), 7-160 
Six-phase rectifier circuits (T), 5-265 
Skin, maximum permissible exposure to 
ionizing radiation (T), 8-255 
Skin depth, 5-85 
of copper (f), 5-200 
definition of, 5-200 
Skin effect, 5-85 to 6-95 
definition of, 5-5, 5-85 - 
Skin-effect quantities for various conduc- 
tors (T), 5-90 
Skin friction, and compressibility, 2-230 
and heat transfer, 2-230 
Skin-friction data, for flat plate, 2-228 | 
for turbulent gas flow, 2-224 to 2-226 
Skin-friction ratio, ve Mach number (f), 
2-229 
Sky, approximate brightness of (T), 6-78 
Sliding friction, 2-40 
coefficient of, for various substances (T), 
2-41 to 2-42 
Slow-burning insulations and current capac- 
ity of conductor (T), 5-202 to 5-203 
Small-signal acoustic equations, 3-32 to 3-34 
Small-signal scalar wave equation, 3-34 
Smooth pipes and turbulent gas mm 2-224 
Snell’s law, 3-78 
of refraction, 6-7 
Sodium, energy levels of (f) (T), 8-85; 8-86 
Sodium I, energy-level diagram of (f), 7-31 
Sodium chloride, absorption coefficient of 
(T), 6-37 
index of refraction of (T), 6-23, 6-27 to 
6-29 
Solar constant, definition of, 2-132 
Solar eclipse method of earth measurement, 
2-96 
Solar-flare effect, definition of, 5-294 
Solar insolation, daily average (f), 2-133 
Solar noise and radio epironewys 6-121 to | 
6-122 , 
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Solar radio-frequency radiation, spectra of: 
(f), 8-121 
Solenoid, magnetic induction ae. 5-27 
Solenoidal waves, 2-12 
Solid helium, volume and comprcest tty: of 
(T), 4-27 
Solid solutions, Bohr magneton numbers of 
(T), 6-211 
Solid-state formulas, 5-95 £6 §-104 
Solids, acoustic properties of, 3-74 to 3-88 
attenuation of sound in, 3-79 
density of 20°C (T), 2-21 | 
dielectric properties of (T's), 5-1 14 to 
§-132 
emissivity of, 6-73 - 
extensional and torsional waves in, | 8-75 
internal energy and entropy of (T’ 8), 
4-44 to 4-46 
logarithmic Aes ratientaiet (T’s), 2-87 
magnetic properties of, 5-206 to 5-244 
‘and metallic eonduetors, 5-197 to 5-205 
polyerystalline, elastic and strength con- 
stants of (T), 2-55 to 2-80. - 
relative volume of (T’s), 4-28 to 4-29 
specific rotation of (T), 6-98 | 
Verdet constants for (T), 6-95 
viscosity of, 2-84 to 2-90 
Solutions, specific rotation of (T), 6-100 to 
6-101 .. © 
Sone, definition of, 3-13 
Sound, absorption constant in organic 
liquids (T), 3-73 
attenuation of, 3-63 to 3-66 -~ 
nomogram for (f), 3-64 
definition of, 3-6 
directional radiation of, 3-110 to 3-1 120 
energy density of; 8-6. 
hearing, of short duration, 3-127 
propagation of, 8-63 to 3-66 
in fluids, 3-23 to 3-55: 
radiation of, 3-108 to 3-112 
and reverberation, 3-6 
speed of, equation for, 8-61 vd 
in liquids, 3-67 
: Jn sea water, 2-119 to 2-120 
in various gases (T), 3-62 © 
velocity of, in: air vs. _tenipers ture (T), 
9-216 
‘effect of diseclved salt in-water (f), 3-70 
in fresh and sea water (T), nd 
~ as function of density, 3-37 — 
in organic liquids (T), 3-71 to 3-73 
(See also under Acoustic) 
Sound absorption, 3-43 to 8-53 
in air, '3-63 to 8-66 _— 
classical, 3-49 | 
first-order equations for, 8-45. 
and. relaxation processes, 3-50 to 8-53 
and viscosity (f), 3-65 
in water vs. temperature (f), 3-69 
Sound-absorption coefficients, defninon of, 
3-17, 3-67 | 
for water (f), 3-71. = 
Sound-absorptive ataeiala. 8-113 to 2-115 
Sound dispersion, 3-43 to 3-53 ta 
Sound-energy density, 8-6 
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Sound-energy flux, 3-6. 
Sound field, 3-6 - 
anechoic, 3-2. 


Sound intensity, 3-6, 3-42 


Sound level, definition of, 3-6 
Sound power level, definition of, 3-7 . 
Sound pressure, 3-4 | 
vs distance from microphone (T), 8-130 
Sound propagation, streaming in, 3-39 to 
3-41 
symbols for, 3-25 ts 3-26 
vorticity in, 3-39 to 3-41 
Sound spectrum level, 3-55 — . 
Sound transmission, 3-63 to 3-66. 
through partitions, 3-1 19 
in water, 8-67 to 3-68 | 
Sound waves and transducers, 3-89 to 3-99 
Space-charge regions, waves in, 5-74 to 5-79 
Space-charge waves, 5-74 to 5-79 
energy relations oa cals Q : 
of noise, 5-79 - 
Space-group symbols i in crystallography, 
2-47 
Space-time relationships, a2 to. 9-3 
Spallation reaction, definition of, 8-2. — 
Spatial coordinate transforms, 8-36 to 3-37 
Spatial coordinates, 3-34: to 3-37 
Specific: acoustic compliance, definition of, 
3-10 
Specific acoustic impedance, definition of, 
3-10 | : 
Specific oustio mass, definition of, 8-10 | 
Specific acoustic reactance, 8-10.. 
of pulsating sphere (f), 3-109 
of vibrating piston (f), 3-109 
Specific damping eapacity, 2-84 to 2-86 
Specific gravity, of animal oils (T), 2-150 © 
of vegetable oils (T), 2-150 _ 
Specific heat, of air (T’s),. 2-125, 3-59, 484 
of argon (T), 4-89 
of carbon dioxide (T),: 4-93 
of gases (T):;, 3-59 
of hydrogen (T), 4-97 
-of nitrogen (T), 4-105 
of oxygen (T), 4-110 
ratio C,p/C, for gases (F), 3-59 
of sea water, 2-121 
of steam (T), 4-115 
Specific heat constant of Pere ineepete salts 
(T), 4-14 
Specific heat squan for viscous fluids, 
3-29 °°: 
Specific impedance; 8-53 
Specific impedance ratio, 3-53 
Specific refractivity, definition of, 6-7 
Specific rotation, definition of, 6-8 - 
of solids, liquids, and solutions: oe: 6-98 
to 6-101 
Specific volume, 2-151 : 
of sea water, 2-117,.2-119 | 
of viscous fluids, 3-27 
of water vs. temperature (T), 4-25 
Spectra (see Atomic spectra; X-ray spectra) 
Spectral emissivity, Peentness va. : temperae 
ture (T), 6+75 - 
- of oxides (T), 6-74: 
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Spectral emissivity, of. unoxidized surfaces 
(T), 6-73 ts 


Spectral] lines, per of Seas (T), | 


7-39 to 7-41 
wavelengths and intensities of standard 
(T), 6-83 to 6-86 , 

Spectral response in radiation. detectors, 
6-114 

Spectral aenisitivities of various phototubes 
(f’s), 6-116 to 6-117 

Spectral series, definition of, 6-8 . 

Spectral transmittance of sheet polarizers 
(T), 6-44 


Spectroscopic calibration, wavelengths for . 


(T’s), 6-83 to 6-90 
Spectroscopic splitting factor (g), definition 
of, 5-231 
for various substances (T), 5-230 
Spectrum, continuous, donnition: of, 3-3 
definition of, 3-7. . 
line, definition of, 3-5 
Spectrum level in sound, 3-55 
Specular surfaces, reflection coefficients for 
incandescent light on (T), 6-43. 
Speech, articulation index for, 3-132 to: 
3-133. 
articulation scores vs. Darhiculatioll index 
(T), 3-133 : 
characteristic sounds of (1), 3-131 to 
- 3.1382 
and equivalent frequency bands (T), 
3-133 
and hearing, 3-123 to 3-133 
hearing loss for, 3-13 
peak power, 3-13 J Bn 
‘sound pressure for, vs. microphone dis- 
tance (T), 3-130 
Speech levels, power, 3-12, 3-13 
_ Speech power, 8-130 to 3-132 
Speed of sound (see Sound) ; 
Speed ratings of electric motors, 5-252 
Speed requirements and motor selection, 
§-251 
Spheres, acoustic Saciation resistance of . 
(T), 3-110 
drag data for (f). 2-226, 2-228. 
Spherical aberration, definition of, 6-8 
Spherical candlepower, definition of, 2 
Spherical coordinates, 2-3 
base vectors in (f); 2-3 
Spherical mirrors, 6-8 ~ 
Spherical resonators, .5-66 
modes in (f), 5-67 — 


Spherical shell, alincetect formulas for, 5-95 


Spherical surface, refraction at, 6-7 
Spherical-top. molecules, rotational con- 
stants‘and geometrical parameters of, 
: five-atom (T), 7-157 to 7-158 
four-atom (T), 7-154 
six-atom (T), 7-160 . 
Spherical wave, definition of, 3-7 
Spherical wave functions,. §-46. to: 5-47 . 
Spherite, index of: refraction. of (T), 6-26. 
Spin, of electron, 7-17 & 
peibia be for acie nuclei x” ‘) (BD), 8-57 
: to 8-86 . 


Spin, of neutron, 8-129. . 
of stable nuclei (T), 8-6 to 8-17 
Spin-dependent incoherence, 8-144 


' Spin-orbit coupling, 8-5 


Spin resonance, 5-103 to 5-104 
Spinels, Bohr magneton numbers and Curie 
points of (T), 5-212 
index of refraction of (T), 6-26 
optical properties of, 6-40. 


- $Split-capacitor motor, torque-speed « curve 


for (f), 5-249 
Split-phase motors, 5-248 to 5-249 
torque-speed curve for (f), 5-248 
Splitting factor, in paramagnetic salts. (T), 
4-14 
in Zeeman effect, 7-168 
Spontaneous fission yields (T), 8-225 
Spurious harmonics, 3-38 2 
Sputtered mass for metals in hydrogen (D, 
§-185 ~ 
Squirrel-cage induction motors, characteris~ 
tic curves for (f), 5-247 - 
Squirrel-cage rotor, 5-247 
Stability rules, nuclear, 8-21 to 8-22 — 
Stable nuclei, properties of (T), 8-6 to 8-17 
systematics of, 8-5 to 8-23 — e 
Standard atmosphere, definition of, 9-127 
to 2-128 
and lower atmosphere (T),, 9-128 
Standard cells (batteries), 5-107 to 5-109 
characteristics and use, 5-107 to 8-109 | 
Standard coordinate system for color speci- 
. fications (T), 6-60 
Standard cyclotron, 8-173 to 8-174. 
Standard electromotive forces of half cells i in: 
water (T), 5-274 to 5-276 ~ 
Standard entropy of monatomic and poly- 
atomic ions (T), 5-281, 5-282 
Standard illuminants (T), 6-56 
Standard liquids, dielectric constants of (T),- 
§-132 . 
Standard observer, Ghioniaticity coordi- 
nates and tristimulus values for (T), 
6-54 to 6-55 
Standard pitch, definition of,. 3-15, 
Standard radio-frequency cables, attenua- 
tion of (f), 5-57 
list of (T), 5-53 to 5-56 
Standard ratings of electric motors as to fre- 
quency, horsepower, speed, and wore 
age, 5-252 
Standard second, definition of, 5-112 
Standard sources (illumination), selected 
ordinates for (T), 6-59 . os 
tristimulus computation data for. (T), 
6-57, 6-58 
Standard tuning frequency, 3-106 
Standard wavelength, infrared (T), 6-88 to 
6-90 | 
primary (light), 6-9. 
Standards, electrical, 5-105 to 6-113 
of viscosity (T), 2-167 
wavelength, for vacuum ultraviolet (1), 
6-83 to 6-86 
for wavelength measurement, 7-42, 7-43. 
Standing waves, definition. of, 3-7 
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Stapes in ear (T), 3-123 
Star occultation, 2-97 
Stars, brightness of (T), 6-82 
electric and magnetic properties of, 5-283 
to §-297 
polar magnetic field strengths of (T), 
5-296 
Starters for electric’ motors, 5-254 
Static-current-flow formulas, 5-23 to 5-25 
Static equilibrium, definition of, 2-9, 3-33 
Static-field formulas, 5-12 to 5-36 
Static fields, inductance for, 5-28 to 5-31 
Static friction, 2-39 to 2-40 
coefficients, various materials (T), 2-41 to 
2-42 
Static-magnetic-field formulas, 5-25 to 5-36 
Static modulus of elasticity, 2-85 to 2-86 
Static pressure, definition of, 3-7 
Statics, definition of, 2-5 — 
Stationary wave, definition of, 3-7 
Steady-state alteration of pressure, 3-38 
Steady-state cavities, 2-183, 2-187 
Steady-state one-dimensional flow, 2-232 to 
2-233 
Steady-state sinuoids, 5-81 to 5-82 
Steam, compressibility factor for (T), 4-113 
density of (T), 4-114 
enthalpy of (T), 4-116 
entropy of (T), 4-117 
specific heat of (T), 4-115 
thermodynamic conversion factors for 
(T), 4-81 | 
viscosity vs. temperature (T’s), 2-209, . 
2-210 
Steel; coefficient of static friction for (T), 
2-40, 2-41 
density of (T), 2-22 és 2-23 
Steel alloys, elastic and strength constants 
for (T), 2-70 to 2-71 
Steel strings, mass per unit length (T), 3-101 
Stefan-Boltzmann constant (T), 7-3 
Stefan-Boltzmann function, 6-64 
Stellar magnetic field strengths (T), 5-296 
Stellar magnetism, 5-297 
Stellar magnitude, definition of, 6-80 
of various stars (T), 6-82 
Stellar radiation, 6-80 
Stellar spectral classes, color indices of (T), 
6-80 
Steradian, dehuition of, 2-14 
Stereophonic sound source, 3-129 


- Stiffness modulus of crystals (T), 3-81, 3-82 


Stilb, definition of, 6-10 
Stokes, definition of, 2-165 
Stokes formula in geodesy, 2-100 
Stokes law, 2-13 

and viscosity, 2-203 


Stokes number and sound absorption, 3-45 — 


Stokes relation in viscous fluids, 3-28 

Stopping power of heavy charged particles, 
8-23 

Strain, 2-10, 2-11 

Strain constants, piezoelectric (T), 5-150 to 
§-151 

Strain tensor, 2-11 

Stratocumulus clouds (f), 2-130, 2-134 


Stratosphere (f), 2-130 

Stratus clouds (f), 2-130, 2-134 

Stream function in gas flow, 2-217, 2-221 

Streaming in sound waves, 3-39 to 3-41 

Streaming potential, 3-41 

Strength, definition of terms, 2-55, 2-69, 

2-78, 2-80 
(See also Shear strength; Tensile strength; 

Yield strength) 


‘Strength constants of polycrystalline sets 


(T), 2-61 to 2-80 
Stress and strain, general senicepts of, 2-10 - 
Stress and strain relations, 2-11 
Stress tensor, 2-11 ; 
in viscous fluids, 3-28 
Strings, frequency  iebatieas of (T), 
3-102 
fundamental frequencies of, 3-100 to 
3-102 
mass per unit length, of gut (T), 8-101 
of steel (T), 3-101 
Strong-focusing methods in nioton synchro-- 
tron, 8-177 
Strontium titanate, index of refraction of 
(T), 6-26 
Structure, of antiferroelectric crystals (T), 
§-156 
of atomic spectra, 7-16 to 7-26 
of ferroelectric crystals (T), 6-155 to 5-156 
Sublimation, heat of, for elements and com- 
pounds (T), 4-131 to 4-159 
Subsonic gas flow, 2-217 
Sucrose, diffusion coefficients of (T), 2-192 
Sulfur dioxide, efficiency of electron attach- 
ment in (f), 5-175 | 
Sulfuric acid, isothermal compressibility of 
(T), 2-162 
Sun, approximate brightness of (T), 6-78 
magnetic field of (T), 5-295 
mean distance of planets from (T), 2-90 
miscellaneous constants for. (D), 2-91 . 
Sunspot cycles, 5-297 
Sunspot fields, 5-297 
Superconducting transition temperature : 
(T), 4-49 
for metals and alloys (T’s), 5-205 
Superconductors, transition temperatures, 
electronic constants, and Debye pale 
peratures for (T), 4-49 7 
Superposition theorem for networks, 5-81 
Supersonic gas flow, 2-217 . 
Supersonics, definition of, 3-12 
Surface energy of liquids, 2-172 to 2-176 
Surface phenomena, for ions on metals, 
7-192 to 7-203 
secondary electron emission by various 
substances (f’s), 7-192 to 7-198 
Surface resistivity of metals and alloys D), 
5-90 
Surface tension, definitions and formulas 
for, 2-172, 2-175 to 2-176 
of inorganic aqueous'solutions (T), 2-17 7 
of liquids (T), 2-14, 2-172 to 2-174 
of metals (T), 2-174 
methods of measuring, 2-175 to 2-176 - 
of organic aqueous solutions (T), 2-175 
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Surface tension, of water, 2-172 
Susceptibility, definition of, 5-236 to 5-240 
Suspensions,. viscosity of, 2-180 to 2-181 
Suspensoids, 2-181 : 
Sutherland’s equation, 2-204 | 
‘‘Swimming-pool”’ reactor, 8-227. 
Syllable articulation, definition of, 3-13 
Sylvine, index of refraction of (T), 6-23 | 
Symbols, for acoustic properties of liquids, 
3-67 
for acoustical quantities, 3-18 to 3-24 
for cavitation in flowing liquids, 2-182 to 
2-183 | 
classical and modern, for heavy radio- 
nuclides (T), 8-41 
for elastic and related constants, 2-55 
electrical (T), 5-6 to 5-7 
for electrical, mechanical, and acoustical 
elements (T), 3-139 
for electrochemical data, 5-268 to 5-269 
for elements (T), 7-5 to 7-8 
for geodetic data, 2-92 to 2-101 
for liquid jets, 2-195 
for magnetic properties, 5-206 
for meteorology, 2-124 to 2-125 
for nuclear constants, 8-4 
for nuclear reactions, spallation reactions, 
and fission, 8-2 to 8-3 
for porosity and viscosity, 2-179 
for propagation of sound, 3-25 to 3-26 
for schematic diagrams, based on imped- 
ance analogy (T), 3-145 to 3-176 
based on mobility analogy (T), 3-144 to 
3-176 
in seismological data, 2-101 to 2-102 
for shock-wave quantities, 2-231 
Symmetric-top molecules, rotational con- 
stants and geometrical parameters 
of, five-atom (T), 7-157 to 7-158 
.four-atom. (T), 7-154 
six-atom (T), 7-160 
Symmetrical top and wave mechanics, 7-163 
to 7-164 
Synchrocyclotron, description of, 8-174 to 
8-175 
Synchronous motors, §-248 __ 
torque-speed curve for (f), 5-248 
Synchronous reluctance motor, 5-250 
torque-speed curves for (f), 5-250 
Synchrotrons, alternate-gradient, 8-177 to 
8-178 
electron, 8-176 to 8-177 
proton, 8-177 to 8-178 
world-wide list of (T), 8-189 to 8-193, 
8-196 to 8-199 
Synthetic crystals for filters, 6-50 
Systematic notation for spectral lines, 7-58 
Systematics of stable nuclei, 8-5 to 8-23 
Systems of one degree of freedom, electrical, 
mechanical, and acoustical, 3-137 to 
3-138 . 


T 


Tait equation,. 2-223 
Taylor series expansions, 3-36 


TE waves, plane, cylindrical, and spherical 
functions of, 5-45 to 5-47 
Teller-Péschl potential and wave meenanies 
7-163 
Telluric currents, 5-289 
TEM waves, plane, cylindrical, and aherk: 
cal functions of, 5-45 to 5-47 
Temperature, and piezoelectric strain con- 
stants (T), 5-152 
and pyroelectric constants (T), 5-154 
vs. thermal conductivity of various 
materials (f), 4-77 
variation of dielectric contents with (f), 
- §-131 
Temperature coefficient, of inorganic liquids 
(T), 5-133 
of organic liquids (T), 5-134 to 6-142 
and per cent conductivity, 5-197 
of piezoelectric strain constants (T), 5-153 
of standard liquids (T), 5-132 
Temperature data, of paramagnetic salts, . 
4-14 to 4-20 | 
at very low temperatures, 4-14 to 4-20 
Temperature-entropy diagram, for helium 
(f), 4-94 : 
for hydrogen (f), 4-100 to 4-102 
Temperature-salinity diagrams for sea 
water (f), 2-118 
Temperature scales, equation and definition 
of (T), 4-2 to 4-4 . 
International, 4-3, 4-4 
Temperatures, critical, of elements and 
compounds (T), 4-21 to 4-23 
of inorganic and organic substances, 
4-21 to 4-23 
Tensile strength, definition of, 2-55 
of liquids (T), 2-169 to 2-172 
of metals and alloys (T), 2-61 to 2-78 


methods of measuring in liquids, 2-170 to _ 


2-172 
Ternary fission, 8-212 
Terrestrial abundance of Aameits (T), 7-9 
to 7-12 
Terrestrial electricity, 5-289 to 5-291 
Terrestrial magnetism, 5-291 to 5-295 © 
Tetragonal crystal systems (f) (T), 2-45 to 
2-47 
Tetragonal crystals, elastic constants and» 
coefficients of (T);, 2-57 
Thallium, phase diagrams for (f) (T), 4-38 
transition parameters for (f) (T), 4-38 
Thallium bromide-iodide, index of refrac- 
tion of (T), 6-27 to 6-29 
Theorems, for electrical networks, 5-81 
impulse-momentum, 2-5 
work-energy, 2-5 to 2-7, 2-9 
Thermal conductivity, 3-52, 4-65 to 4-79 
of alloys, 4-67, 4-79 
conversion factors for (T), 4-66 | 
of cubic crystals (T), 4-72 to 4-73 
of dielectric crystals (T), 4-79 
of disordered dielectrics (T), 4-79 
of fused quartz (T), 4-74 
of gases (T’s), 3-58, 3-61, 4-71 


of insulating materials (T), 4-68 to 4-70 


of liquids (T’s), 4-71, 4-75 
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Thermal conductivity, at low temperatures, 
(f) 4-77 | 
of metals (T), 4-67, 4-78 
of noncubic crystals (T), 4-73 
of optical materials (T), 4-76 . 
‘-of organic. materials (T), 4-71 
' of sea water (T), 2-122 
-of semiconductors (T), 4-76 
vs. temperature for various misterials ), 
477 | 
of water (T), 4-70 
Thermal cross sections, of siguiente (T’s), 
8-154 to 8-168, 8-170 to 8-171 
of neutrons, definition of, 8-144, 8-169 
Thermal detectors, charactors tics of (T’s), 
6-114, 6-118 : 
Thermal diffusion of gases,.8-58 = 
Thermal dissipation function, 3-30, 3-31 
Thermal effects, attenuation of sound due 
to, 3-79 
Thermal emf, of alloys relative to platinum 
(T), 4-9 
of elements relative to platinum (T), = 
‘to 4-7 i 
of tharmpceusle materials relative to 
platinum (T), 4-8 | 
Thermal energy gap, definition of, 5-157 
Thermal expansion, 4-51 to 4-64 
: Griineisen equation constants (T), 4-63 
Thermal expansion coefficients, cubical, of 
elements (T), 4-56 
of liquids (T), 4-62 
linear, of alloys (T), 4-57 to 4-60 
-of elements (T’s), 4-51 to 4-55 
of miscellaneous materials’ (T), 4-61 


Thermal losses, due to ‘grain rotation, 3-84 


due to grain scattering, 3-85 
due to intergrain heat flow, 3-84 © 
Thermalkneutron fission, and fission-prod- 
uct chains (T), 8-202 to 8-211 
yields (T), 8-212 to 8-215 
Thermal neutrons, velocity of, 8-4 
_ Thermal noise in acoustic medium, 3-53 to 
3-55 
Thermal noise pressure, 3-55 
Thermal waves in sound, 3-46, 3-47 
Thermionic cathode rectifiers, 5-263 
Thermionic emission, 5-97 ? 
Thermocouples, characteristics of (T),. 6-1 14 
emf of, chromel vs. alumel (T), 4-12 
_chromel vs. constantan (T),.4-12 
copper vs. constantan (T), 4-11 
iron vs. constantan, (T),: 4-11 
platinum vs. platinum-rhodium (T), 
4-10 abe 
thermal emf of, alloys iolative to, plati- 
num (T), 4-8, 4-9 
elements relative to platinum (D), 4-6 
to 4-7 
Thermodynamic properties of 4 gases, 4-80 to 
4-117. 
Thermodynamics, conversion factors for 
gases (T), 4-81 | 
Thermoelectric effect, 5-5, 5-97 to 5-100 . 
Thermomagnetic effect,. 5-97 to 5-100 


Thermoplastic insulations and current ca- 
pacity of conductor (T), 5- 202 to 5-203 
Thermosphere (f), 2-130 
Thermoviscous medium, acoustic imped- 
ance of, 3-53 
Thermoviscous number, 3-46 
Thermoviscous parameters in fluids, 3-47 © 
Thevenin’s theorem, 5-81 — 
Thin films, Faraday rotation in (T), 5-232 
Thin-sheet shielding, formulas for, 5-94 
Thixotropic substances, definition of, 2-81 
mechanical properties of, 2-82 to 2-83 
Thixotropy, coefficient of, 2-83 
Thompson coefficient, 5-97 to 5-98 
Thomson cross section, 8-4. 
Thomson effects, definition of, 5-5 
Thomson scattering‘of photons, 8-91 
Thorium, fast-neutron fission yields of (T), 
8-216 
Thorium-228, assay scheme of (f), 8-47 
Three-phase rectifier circuits (T), 5-264 to 
§-265 
Threshold (in hearing), of audibility, 8-14 
of damage, 3-14 
of detectability, 3-14 
of discomfort, 3-14, 3-126 
_ of feeling, 3-14, 3-126. 
of hearing, 3-14 | 
of pain, 3-14 
of tolerance, 3-14 ° | 
Threshold field at absolute zero for super- 
conductors (TF), 4-49 
Thunderstorms, characteristics of (T), 
5-285, 5-288 
electric field near (f), 5-287 
Thyratron rectifier, 5-263 
Tickle due to loud sounds, 3-14 
Tidal constituents (T), 2-123, 2-124 
Time in mechanics, 2-2: 
Time constant, in radiation, definition of, 
6-119 
of radiation detectors (T), 6-1 18 — 
Time interval, 2-2 
Time lag in voltage breakdown in air (f’s), 
5-180 . 
Time periodic fields, 5-39 
basic wave functions for, 5-45 to 5-47 — 
and Maxwell’s equations, 5-41 a 


“Tin, elastic and strength constants of (T), . 


2-77 - 
Tin alloys, elastic and strength constants of 
(T), 2-77 
Titanium cesium alum, properties of (T), 
4-14, 4-19 to 4-20: 
TM waves, plane, cylindrical, and spherical | 
functions of, 5-45 to 6-47 = . 
Toluene, first Townsend ionization coeffi- 
cient in (f), 5-169 
Tone, complex, 8-14 — 
definition of, 3-15 
fundamental, 3-14 
whole, 3-14 
Tones, differential threshold for intensity 
and frequency (T), 3-126 
Tonometer and tensile strength, 2-17 1 
Torque, definition of, 2-6, 2-7 
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Torque. requirements and motor selection, . 
§-251 
Torque-speed curves,. for capacitor-start, 
split-capacitor, and shaded-pole motors 
(f), 5-249 
for synchronous reluctance and series uni- 
versal motors (f), 5-250 
for synchronous and split-phase motors 
(f’s), 5-248 
Torsional mode in: teavisdiieer materiale, 
3-98 
Torsional waves in solids, 8-7 5 
Torus, magnetic induction of, 5-27 
Total emissivity, apparent vs. true temper- 
ature (T), 6-76 
of metals, unoxidized surfaces (T), 6-75 - 
Total heat flux in viscous liquids, 3-30 
Total mechanical energy, definition of, 2-6. 
_ Total neutron cross sections of various ele- 
ments (f’s), 8-131 to 8-134 
Total normal emissivity of various sub- 
stances (T), 6-68 to 6-71. 
Total reflection, definition of, 6-8 
Total volume emissivity and radio astron- ; 
-omy, 6-121 
Townsend coefficient, definition of, 7-192 
first, for various substances (f’s), 5-166, 
§-167 to 5-169 
second, for various substances (f’s), 7-199 
to 7-200 
Transducer materials, 3-89 to 3-99 | 
dielectric and piezoelectric constants of 
(f), 3-97 


Young’s modulus vs. temperature for , 


3-96 

Transducer network, 5-83. 

Transducers, and acoustic analogy, 3-177 
directivity index of, 3-110, 3-112 
electrostrictive, 3-92 to 3-98 
magnetostrictive, 3-92 to 3-98 
piezoelectric crystal, 3-89 to 3-92 | 
piezoelectric properties of (T), 3-93 

Transformation properties in viscous fluids, 

3-27 + 

Transformer connections (Ty, 5-261. 

Transformer cooling, 5-259 

Transformers, and acoustic analogy, 3-177 

operating principles of, 5-258 to 5-259 
types of, 5-259 to 5-260 
Transforms and material and spatial coordi- 
nates, 3-36 to 3-37 
Transient cavities, 2-183, 2-186 to 2-187 
Transient penetration of magnetic field into 
a plane solid, 5-93 — 
Transient phenomena in earth’s magnetic 
field, 5-293 to 5-294 
Transinertor, 3-142 
Transition, heat of, for sistients and com- 
‘pounds (T), 4-131 to 4-159 © 
Transition parameters for various sub-— 
stances (T), 4-34 to 4-38 
Transition temperatures, of antiferroelectric 
crystals (T), 5-156 | me 
superconducting, for metals and alloys. 
(T’s), 5-205 : 
for superconductors (T),. 4-49 - 


Transitions of alpha emitters, 8-55 to. 8-56: 
Translational motion, definition of, 2-8 
Transmission of light; 6-36 to 6-40 . 
vs.. wavelength for light (f), 6-47 
Transmission coefficient for sound, :3-120 — 
Transmission curves of light filter. plates (f), 
6-49 © 
Transmission lines, constants for (T), 5-48 
to §-49 
conventional, 5-47, 5-51 
formulas for (T), 5-50 . 
impedances of, 5-50, 5-51 
Transmission loss for sound, definition « of, 
3-10, 3-18 
through various indtecials (, 3-1 19, 
3-120 
through walls and floors (T), 8-121 
Transmittance, of light,- definition of, 6-36. 
luminous, definition of, 6-52. 
Transonic similarity rule for gas flow, 2-219 
Transport cross section of neutrons, defini- 
tion of, 8-130 | 
Transport numbers, definition of, 5-190 
for electronic conductors (T), 5-192 to 
5-194 
for pure and mixed i ionic conductors (T), 
5-191 to §-194 | 
Transport phenomena in sea water (T), 
2-121 to 2-122 
Transverse electric waves, 6-47, 5-58. to 5-59 
Transverse em waves, 5-47, 56-57 is; 
Transverse isotropy, 3-75 
Transverse magnetic Waves 5-58 © 
definition of, 5-47 _ . me 
Transverse waves, travel time through 
earth (T), 2-104 
velocity of, 2-102 
- in earth, 2-109: . 
Traveling-wave interaction and growing 
waves, 5-76, 5-77 
Triangulation in geodesy, 2-93 
Triatomic molecules, fundamental vibra- 
tions of (T), 7-147 
rotational constants and geometric pa~ 
rameters of, asymmetric-top (TP), 
7-153 
linear (T), 7-152 to 7-153 
Triboelectricity, definition of, 8-5 
Triclinic crystal systems (T),; 2-45, 2-47. 
Trigonal crystal systems (T), 2-45 — 
Trigonal crystals, elastic constants and | 
coefficients of (T), 2-57 
Triple point, for various substances a 3), 
4-34 to 4-38 
of water (f) (T), 4-34, 4-35 | 
Tristimulus computation data for standard 
sources (T), 6-57, 6-58 
Tristimulus system of color specification, . 
6-53 
Tristimulus values of spectrum for sandard 
observer (T), 6-53 to 6-55 
Triton, mass of (T), 7-3 
range-energy relations in Ilford C-2 2 emul 
sion (f), 8-32 hae 
symbols for, 8-3 
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Tropopause, isotherms aloft and mean posi- 
tion of (f), 2-129 © . 
temperature of: (f), 2-129 
Trunk of. body, maximum permissible expo- 
sure to ionizing radiation (T), 8-255 
Tube, self-inductance of, 5-28 
Tubular conductor, skin-effect foxnnilas for, 
5-91 
Tungsten, properties of (T), 6-79 
Tuning fork frequency, 3-104 
Turbulent flow, definition of, 2-224 
of gases, 2-224 to 2-228 — 
along flat plate (f{), 2-227 © 
through pipes, 2-224 
Two-body combinations, capacitance of, - 
5-14 to 5-15 
Two-dimensional gas flow, 2-217 to 2-219 
Two-dimensional rotator and wave 
mechanics, 7-163 
Two-terminal-pair networks (f), 5-83 to 5-85 
Two-winding transformers, 5-260 
Tympanic membrane, dimensions of (T), 
3-123 — 
U 
Ultrasonic detector, definition of, 3-12 
Ultrasonic frequency, definition of, 3-7 
Ultrasonic generator, definition of, 3-12 
Ultrasonics, definition of, 3-12 
Underwriters’ Laboratories, Inc., 5-245. 
Uniaxial crystals, anisotropy constants of . 
(T), 5-222 : 
Uniaxial minerals, index of refraction of - 
(T), 6-12 to 6-13 
United States, betatrons, list and descrip- 
tions of (T), 8-194 
cyclotrons and synchrotrons, list and de- 
seriptions of (T), 8-189 to 8-191 
_ electron synchrotrons, list and descrip- 
tions of (T), 8-196 to 8-197 
electrostatic generators, list and descrip-. 
tions of (T), 8-182 to 8-185 
linear accelerators, list and descriptions of 
(T),. 8-200 to 8-201 | 
proton synchrotrons, list and descriptions 
of (T), 8198 to 8-199 
Units, absolute viscosity (T), 2-202 
acoustical conversion (T), 3-24 
of area (T), 2-16 
derived, definition of, 2-14 
for electrical, mechanical, and acoustical 
. elements (T), 3-139 
fundamental, definition of, 2-14 
of kinematic viscosity (T), 2-203 
of length (T), 2-15 
photometric, 6-9 to 6-10 
of volume (T), 2-16 
Unstable nuclei, 8-3 
Upper atmosphere, characteristics of iono- 
spheric regions in (T), 5-284 
properties of, 2-128 to 2-130 
structure of (f), 2-130 
Uranium, total cross section of (f), 8-134 
Uranium-235, fast-neutron fission yields 
from (T), 8-218 
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Uranium-238, fast-neutron fission yields 
from (T), 8-217 

Urea, diffusion coefficients for (T), 2-192 . 

Urethane, transition parameters and phase 
diagram for (f) (T), 4-37 


V 


V event in meson and hyperon decay, 8-241 
Vacuum diode rectifiers, 5-263 
Vacuum ultraviolet, international wave- 
length standards in (T), 6-87 
wavelength standards for (T), 6-83 to 
6-86 
Valence electrons, 7-16 
Valences of elements (T), 7-9 to 7-12 
Van de Graaf accelerators, 8-172 
Van der Waals equation as virial expansion, 
4-119 
Vapor pressure, in flowing liquids, 2-1 83 
of sea water, 2-120 to 3-121 — 
Vaporization, heat of, for elements and com- 
pounds (T), 4-131 to 4-159 
Vapors, fluorescence of (T), 6-112 
index of refraction of (T), 6-21 
Verdet constants for (T), 6-91 
Variation method of approximation in wave 
mechanics, 7-167 
Vector force equation in viscous liquids, 
3-28 
Vector potential, 5-43 to 5-44 
in fluid motion, 3-40 
Velocity, definition of, 2-2, 3-8 — 
drift, of electrons in various substances 
(f’s), 7-205 to 7-209 
of ions in various substances (f’s), 7-212 
to 7-218 
effective, 3-8 
instantaneous, 3-4 
of light, measurement of (f) (T), 6-119, 
6-120 
particle, 3-4 
of sound, 3-61 to 3-63 
in fresh and sea water (T), 3-69 
in organic liquids (T), 3-71 to 3-73 


in solids, 3-74 to 3-79 
variation with temperature for air (T), 
2-216 


in water vs. dissolved salt (f), 3-70 
volume, 3-7 
Velocity field equations, 5-38 
Velocity potential, 2-13 
in gas flow, 2-217 | 
Vening Meinesz formula in geodesy, 2-100. 
Verdet constants, 6-91 to 6-95 
for aqueous solutions (T), 6-93 
definition of, 6-91 
for gases and vapors (T), 6-91 
for inorganic liquids (T), 6-92 
for metal-organic liquids (T), 6-92. 
for organic liquids (T), 6-94 | 
for solids (T), 6-95 
Vibrating piston, acoustic impedance of, 
3-109 to 3-110 
specific acoustic ceaistance of (f£), 3-109 
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Vibrational frequency of diatémio morose 
(T), 7-136 to 7-141: 
Vickers hardness number, ‘definition of, 
2-78, 2-80 ©. : Lee 
Virial coefficients, for | air (Ty; 4-128 
for argon (T), 4-121... - 
for carbon monoxide (T), 4-127 
definition of, 4-118 .| 
for deuterium (T),; 4-125 
for helium (T),.4-119-to 4-120 
for hydrogen (T), 4-124. | 
for krypton (T), 4-122 
for neon (T), 4-120 _ 
for nitrogen (T), 4-125, 4-126 | 
for oxygen (T), 4-126. — 
for xenon (T), 4-122, 4-123 
Virial expansions of various pressure-vol- 
ume-temperature equations, 4-119 
Virtual temperature, definition of, 2-126 
of saturated air (T), 2-127 
Viscometer, calibrating: oils for (T), 2-167 
definition of, 8-165 7 
Viscosity, absolute, of gases (T), 2-207 
and anelasticity, 2-84 to 2-86 
coefficients (T), 3-28; 3-41, 3-58, 3-60 : 
and creep,:2-86 to 2-90 ie 
definition of, 2-13, 2-165, 2-201. 
of gases and gaseous mixtures, 2-201 to_ 
: 2-210, 3-58 =. 
of industrial oils and lubricants (T), 2-168 
kinematic, 3-58 | 
of gases (T), 2-208 
7 Interpretation (f), 2-203 - 
of liquids, 2-165 to 2-168. 
common (T), 2-166 | 
organic (T), 2-169 
and logarithmic decrement oF materials 
(T’s), 2-87 
-of-mercury (T), 2-169. 
of National Bureau of Standards oils (T), 
2-167 
of plasticizers (T), 2-169 
secondary standards of (T), 2-167 
of solids, 2-84 to 2-90 - 
and sound absorption (£), 3-65 
and suspensions, 2-180 1 2-181 
symbols for, 2-179 


variation of, with pressure and temperas : 


ttire, 2-203 to 2-205 
of visconieter calibrating oils (T), 2-167 
of water and water vapor (T), 2-206, 
‘2-209, 2-210 
Niseostty number and sound. absorption, 
3-45 | 
Viswosily: seecieationd for airenah Basins 
oils (T), 2-168 
Viscosity tables, 2-206 to 2-210 
Viscosity tonometer, 2-171 wa! 
Viscothermal absorption and’ dispersion’: 
measure, 3-47 to. 3-49; 3-52 . 
Viscothermal resonance, 3-48 
Viscothermal theory, 3-33 
Viscous dissipation function, 8-30, 3-31: 
Viscous fluids, definition of, 2+13 
energy relations for, 3-29 to 3-31 . 
equations of state for, 3-29 to 3-31 


Viscous fluids, motion ‘of, 3-27 td 3-32 
various equations for, 3-27 to 8-32 
Viscous waves in fluids, 3-47 — 
Visibility, definition of, 6-8 
Visible persistence of various catrode-res ee 
tube ‘phosphors (T), 6-113 
Visual magnitude of stars; 6-80 — 
Volt, definition of, 5-2 — 
international vs. absolute (T),; 5-106 — 
Volta effect, definition of, 5-5 
Voltage breakdown, 6-178, 5-180 to 5-181 
time lag in (f’s), 6-180 
Voltage ratings of electric motors, 5-252 
Voltage standards, 5-107 to 6-109 
Volume, fractional change of, with field 
strength (T), 5-224 
units and conversion fistans for (f), 216 
Volume magnetostriction, 5-224 | 
Volume resistivity, ‘of ceramics (T), 5-1 20 
to §-121 
of glasses (T), 5-122 to §-123 © 
Volume resonators, 3-103 to 3-104 
Volume velocity, 8-8 
Vorticity, in sound waves, 3-39 to 3-41 
In viscous Tiquids, 3-29 
Vorticity equation, 3-40 


Ww 


Walls, and shock 1 waves, 2-233 i, 2-235 
sound transmission loss through. (T), 
3-121 . 
Walther equation, 2-165 | 
Water, absorption of sound by, * Vs tempera- 
ture (f), 3-69 : 
attenuation of neutrons i in (f), 8-169 
cavitation in (f’s), 2-184, 3-68 suet 2 
critical energy and radiation length for. 
(T), 8-39 —_.. : 
density of. (T’s), 2-137 to 2-139 sa 
deuterium density (T), 2-139 
diffusivity of (T), 4-74 . 
dissociation constants of (T), 5-280 
effect of salt on sound velocity in (f), 3-70 
maximum permissible concentration of. 
radioisotopes in (T), 8-256 
phase diagram for (f), 4-35- 
properties.of (T), 3-69 
refraction of sound, in 3-68 
resistivity of, in earth (f), 5-290 
reverberation in,. 8-68 
scattering of sound in, 3-68 
sound absorption. coefficients for ), 3-71 
specific volume vs. vempera tire for (T), 
(4-25 
surface tension of (T), 2-172 © 
thermal conductivity of (T), 4-70 — | 
transition parameters (f) (T), 4-34, 4-35 
transmission of sound in, 3-67 to 3-68 | 
Verdet constant for (TF), 6-92 
viscosity.of, ‘vs. yommperavure 79): 2-201, 
2-210 | 
volume related to pressure and tempera- 
ture (T), 2-152 to 2-154 
“‘Water-boiler’’ reactor, 8-227 
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Water vapor, efficiency of electron attach- — 


ment in (f); 6-174 
viscosity of, vs. averse oi 8), 2-200, 
2-210 
Watt, definition of, Q-15 
international ‘vs. absolute (T); 5-106. 
Wave, definition of, 3-8 
plane, definition of, 3-7 
spherical, definition of, 3-7 
standing, definition of, 3-7 
stationary, definition of, 3-7. 
Wave equation, for field vectors, 5-42 
in material coordinates, 3-34 to. 3-36 
small signal scalan, 3-34 
Wave. functions, for. time-periodie fields, 
. 5-45 to 5-47 
, in, ‘wave. mechanics, 7-164 to 7-165 
Wave interference, definition of, 3-8 
Wave mechanics, 7-162 to. 7-167 . 
approximation methods used in, T-165 to 
7-167. 
common, wave functions i in, 7-164 ta 7-1 65 
special cases of soluble systems, 7-162 to 
1-164 
Wave DrOnaGation. anistropic avetems, 6-64 
to 5-65 as ie 
velocities of, 5-51 
Wave types for rectangular waveguides (T), 
5-61 
Wave velocity, i in earth, 2-108 
at different depths (7), 2-109 
longitudinal (T), 2-103 
fundamental equations for, 2-102 
for glasses (T), 3-80 
' for metals (T), 3 3-80 
for plastics (T), 3-80 
in rocks (T), 24102 . 
‘Wavefront, definition of, 33 Pe 
Waveguides, 5-47 to 5-65 : 
circular eylindrical (f): (T), 6-63 to 6-64 
and Faraday rotation (T), 5-234 
rectangular (f) (T), 8-59 to 8-62 
Wavelecat’ standards, 6-9, 6-83 to 6-86, 
%-42,°7-43: 
international, in vacuum ultraviolet (T), 
6-87 
primary, 6-9 
for vacuum ultraviolet (t, 6-83 to 6-86 
‘Wavelengths, critieal absorption, for X-ray 
spectra (f), 74130: to 7-132: 
in important atomic spectra, 7-42 
for spectroscopic calibration @ 8), 6-83 
of various X-ray: spectral : series (T 8), 
7-125.to: 7-129 | 
Waves, of finite amplitude, 3-37 ‘s 3-39 
in fluids, 2-14" 
scattering: factorn: in metals (T), 3-83 
in solids, 3-75. 
in space-charge regions, 5-74 to 5-79 
Weatherproof insulations and current 
: capacity of conductors (T), 4 5-202 to 
§-203 
Weber, definition of, 5-2 — . 
Weiss molecular: ‘held, 5-101 | 


Weston.cells, 5-107 to 5-109 = hs 
Width of energy staté for light nuclei (f’s) 
(T), 8-57 to 8-86 | 
Wien’s displacement law, 6-8 
constant, (T), 7-3 ; 
Wire of infinite length, ieaoaetis force on, 
5-33 © 
Wood, density of (T), 2-31 to 2-33 
‘diffusivity of (T), 4-74 
Work-energy theorem, 2-5 to 2-7 
Work function, definition of, 5-5 
and photoelectric effect, 8-88 
Wound rotor, 5-247 to §-248 
Wound-rotor motors, control and protection 
of, 5-255 to 6-256 ; 
induction, characteristic curves for (f), 
8-247. 
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X-ray absorption in air (T), 8-253 — 
X-ray densities of crystals (T), 3-77 to 3-78 
X-ray spectra, absorption wavelengths of 
(T), 7-130 to 7-132 
data on. characteristic, 7-123 to 1-135 
energy levels in (T), 7-133 to 7-135 
energy-level diagrams for. @), 7-124 
X-ray units, 7-123. 
rey wavelengths, of KSacies lines (T), ; 
-%+125 to 7-126 
of L-series lines (T), 7-127 to 7-128 | 
of M-series lines (T), 7-129 
X rays, maximum permissible exposure to 
(T’s), 8-254, 8-255 
Xenon, virial coefficients for (T), 4-122, 
4-123 
Xenon I, photoelectric traces of spectrum 
(f), 7-80 to 7-87 
principal spectral lines of (T), 1-14 to 7-79 
Xerogels, 2-81 sf 
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Y particle, 8-227, 8-240 | 


Year, definitions. of various kinds of,.2-12, 


2-15 
Yield point, definition of, 2-69 
Yield strength, definition of, 2-55, 2-69 
of metals and alloys.(T), 2-61 to 2-77 
Young’s modulus; definition of, 2-10 ae 
of gels, 2-82 
of metals and alloys (T), 2-61 to 2-77 
of quartz (T), 2-103 
of several transducer shateriale (f), 3-96 


Z 
Zeeman displacement per gauss (T), 7-3 
Zeeman effect, 6-8, 7-168 to 7-173 
and astronomical magnetic fields, 5-295 to 
§-297 
Zine, elastic and strength constants of (T), 


Zinc alloys, denety of (T), 2-30 
elastic and sot constants of (T), 2-78 


. > 
ae, 
w” bs, 4 


4 


J a 

a. 
peta tf 

eel am A 


he ces gs 
Mr 


. . 
ATS ie enetS 


ios 


> = ‘ 


OY Pen Tae “ie 
: rant 
es 


* 


oa 
. 


| 
4 
- 


